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ABSTRACT

Mitchell, Ken Marcus, M.S. The University of Memphis. May 2018. Thermal
Conductivity and VVolumetric Specific Heat Measurements of an RTV-655/Polyimide
Aerogel Compound Under Varying Temperature. Major Professor: Jeffrey G. Marchetta,
Ph.D.

The ability to store cryogenic liquids for long duration space missions is essential
to future manned space exploration. Boil-off of cryogens due to incident solar radiation
leads to self-pressurization of a cryogenic liquid tank. An ideal tank construction material
would have low thermal conductivity and would retain its structural integrity through
extreme temperatures. In previous research, a small-scale RTV-655/polyimide aerogel
cryogenic liquid storage tank was constructed and tested to assess the performance of the
compound material. Further development of RTV-655/polyimide aerogel cryogenic tanks
for space applications is contingent upon performing computational studies to optimize
the tank design and minimize costly experiments. Moreover, computational heat transfer
models, specifically models simulating conduction heat transfer through the RTV-
655/polyimide aerogel compound, are dependent on accurate, measured thermal
conductivity and volumetric specific heat values for the RTV-655/polyimide aerogel
compound at the temperatures of interest. Thermal conductivity and volumetric specific
heat values of the combination of RTV-655 and polyimide aerogel have not been
published at cryogenic temperatures. The transient plane source method was used to
measure the thermal conductivity and volumetric specific heat for RTV-655, polyimide

aerogel, and three volume ratios of the compound at 313K, 295K, 253K, and the

cryogenic temperature of 85K.
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CHAPTER 1.

INTRODUCTION AND BACKGROUND

1.1 Introduction

Modern technologies for storing cryogenic liquids may be insufficient for future

long-duration manned space exploration. Cryogenic liquids are liquefied gases which
have very low boiling points, generally 120 Kelvin or below [1]. They have several
applications in space including fueling chemical propulsion systems, supporting life

support systems, and cooling critical components. The difficulty of storing cryogenic
liquids for long durations is that any heat load experienced by the tank can quickly
vaporize the liquid causing tank self-pressurization [2]. Thermodynamic vent systems
and cryocoolers are examples of active methods to reduce self-pressurization while
examples of passive methods include radiation shields and multi-layer insulation, MLI.
ML, the focus of this study, is usually the largest heat leak in cryogenic systems, so

improvements in its thermal performance are desirable, especially for long-duration
exploration [3]. Another design consideration for a space-based cryogenic tanks is the
thermal cycling experienced in space due to variations in solar radiation. Modern storage
tanks constructed of metals and composites are susceptible to thermal fatigue in space
resulting in brittleness and micro-cracking [4]. A cryogenic tank can also benefit from a
weight reduction, which subsequently reduces the launch vehicle mass. Combining all the
design considerations, a material with a high yield strength, low thermal conductivity,
low density, high fatigue strength, and durability through an extreme temperature range is

ideal for a space-based cryogenic tank. An elastomer/aerogel compound was proposed as
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a potential solution for increasing thermal resistance and thermal fatigue life of cryogenic
liquid storage tanks [4]. Compared to metals and composites, elastomers have relatively
low thermal conductivity while maintaining their structural integrity over a large
temperature range. Aerogel is the primary insulator and weight reduction component. The
elastomer/aerogel compound will provide structural support and is also an insulator. The
elastomer and aerogel were chosen from previous research as RTV-655 and polyimide
aerogel. RTV-655 is a low thermal conductivity, space-qualified silicone with great
elastomeric properties. Polyimide aerogel is an aerogel with improved elasticity while
maintaining its low thermal conductivity. Embedding polyimide aerogel in the walls of
an RTV-655 tank may protect the aerogel, reduce the weight of the tank, and increase the
thermal performance of the tank.

The purpose of this research is to measure the thermal conductivity and
volumetric specific heat in relation to the volume ratio of polyimide aerogel and under
varying temperature. Thermal conductivity and volumetric specific heat values for RTV-
655, polyimide aerogel, and different volume ratios of the compound are necessary for
design and optimization of an RTV-655/polyimide aerogel cryogenic liquid storage tank.
Measured values of thermal conductivity and volumetric specific heat for each material,
individually and as a multi-layer compound, would fill a gap in existing knowledge. The
temperature range of interest is approximately 116-394K, the temperatures of the

International Space Station on the dark side and sun side of Earth [5].

1.2 Background

The idea of combining RTV-655 with polyimide aerogel originated from previous

designs for insulating cryogenic tanks with an aerogel embedded in a “blanket” [6].
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Polyimide aerogel was chosen for its mechanical strength and availability, and RTV-655
was chosen for its thermal resistance, elastomeric properties, moldability, and chemical
resistance. Accurately measuring material properties for the compound at different
volume ratios and at different temperatures of interest can reduce the complexity of
computational models by consolidating a compound material into a single material
property [7].

RTV-655, chemically characterized as a form of polydimethylsiloxane or PDMS,
is a room temperature vulcanizing silicone rubber with a low thermal conductivity. RTV-
655 exhibits elastomeric behavior throughout a wide temperature range and is transparent
in the visible light spectrum. RTV-655 begins as a two-part compound that is mixed at a
10:1 mass ratio before being molded then cured. Therefore, RTV-655 can be molded into
a variety of geometries. During the mixing process, air is introduced during mixing and
must be outgassed in a vacuum chamber before being poured into a mold, of virtually any
geometry, then outgassed again to eliminate any air bubbles introduced in the pouring
process. The cure rate of RTV-655 can be accelerated by an increase in temperature for
which temperature and times are documented by the manufacturer [8].

RTV-655 was chosen for its elastomeric behavior, low thermal conductivity, low
glass transition temperature, and more importantly, RTV-655 is desirable for its low-
outgassing behavior, within NASA requirements specified by ASTM E595 [9]. In
comparison to RTV-655, composites and metals have a higher thermal conductivity and
may be susceptible to micro-cracks and brittleness in space at extreme temperatures for
long durations. At room temperature, RTV-655 has a low thermal conductivity of 0.17

W/m*K, volumetric specific heat of 1.518 MJm=K™ with an elastic modulus of one MPa
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[8]. Comparable RTV elastomers have a glass transition temperature around 160 Kelvin
[9]. Combining RTV-655 with a material of lower density and lower thermal
conductivity may improve the tank’s thermal performance. The lower thermal
conductivity will increase cryogenic liquid life and a lower density decreases the rocket’s
mass penalty.

Aerogels are porous solids formed by drying a gel solution without shrinking it by
the process depicted in Figure 1 [10]. The resulting material has microscopic pore sizes
(4-10 nm) giving aerogel its low thermal conductivity and density, putting them among
the lightest known solid materials. Aerogels are ever increasing in popularity with
proposed uses from biomedical to astronautical industries for their porosity and thermal
resistance. The most common aerogel is native silica aerogel. Native silica aerogel
demonstrates one of the lowest aerogel thermal conductivities, but it is too brittle for
pressurized tank applications [11]. The properties of a silica aerogel can be tuned by
manipulating the synthesis process as well as cross-linking another polymer to the base
polymer. Cross-linking aerogel is useful in increasing the mechanical strength [12], while
consequently increasing the thermal conductivity [11]. Also, aerogels can be synthesized

using other types of polymers such as polyimide.

e © e ©
° e © ®o_o ©
° ° reE——) o @) =3 =—+——"1 e=c_ e = 4
8" S Hydroysis (90 @ d SCD
sie ydrolysis YY) Condensation Aging
oo () ) (]

-

Precursor Sol Gel ‘ Alcogel Aerogel

Figure 1: Process for synthesizing aerogels [10]
Polyimide aerogel is created by cross-linking polyimides in solution before
gelling and drying the gel in a super critical point dryer, SCD. The properties of

polyimide aerogel are dependent on the constituents in the synthesis process [13].
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Polyimide aerogel was chosen because of its superior mechanical strength compared to
native silica aerogel and polyurea cross-linked aerogel while maintaining a low thermal
conductivity [11]. The polyimide aerogel used for measurements in this study was
synthesized by NASA [13]. Another formulation of polyimide aerogel was synthesized
by NASA using a unique mixture of constituents; the resulting polyimide aerogel
produced a measured density around 100 kgm™ and a measured thermal conductivity of
14 mWm™K! [13]. However, the material properties of an aerogel will change based on
several factors such as the general synthetization process and age of the aerogel. Thermal
conductivity of the polyimide aerogel used in this study was previously measured with
the TPS 1500 resulting in an average measured thermal conductivity of 0.398 WmK*!
[14].

It is hypothesized that the variation in thermal conductivity and volumetric
specific heat of the RTV-655/polyimide aerogel compound material will be dependent on
the ratio of the volume of polyimide aerogel to the total volume of the sample, known as
volume ratio in this study. However, the combination of RTV-655 and polyimide aerogel
proposed in this study creates a heterogeneous compound material. Many heterogeneous
compound materials, like wood, fiber-reinforced material, and layered materials such as
forms of ML, have anisotropic properties, which vary directionally. Thus, the orientation
of the embedded polyimide aerogel within the RTV-655 is carefully considered with
respect to the inherent orientation of the experiment setup and method utilized to obtain
the properties of interest and the layering used in the prototype cryogenic propellant tank.
The relationship between volume ratio and thermal conductivity, as well as volumetric

specific heat, is obtained by measuring different samples of the compound with varying
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volume ratios. A better understanding of the relationship between the thermal properties
and volume ratio is needed to assess the application of the RTV-655/polyimide aerogel

compound material for future use in the construction of cryogenic liquid storage tanks.

1.3 Thermal Characterization

In general, thermal characterization encompasses determining the values for
properties of a material that quantify how a material reacts to a heat fluctuation. In this
study, the thermal characterization focuses on measuring the material properties related to
heat transfer and more specifically the conduction mode of heat transfer. Thus, the
material properties of interest in this study are thermal conductivity, thermal diffusivity,
and volumetric specific heat. Characterizing conduction for varying volume ratios of the
RTV-655/polyimide aerogel compound at a range of temperatures is important
considering conduction through multi-layer insulation is the largest heat leak of a
cryogenic storage system as discussed in Section 1.1. Convection in cryogenic liquid
storage tanks is shown to diminish with reduction in gravity; convection outside the tank
is non-existent due to the lack of fluid molecules, therefore, convection can be ignored.
Radiation acts as the heat source in space which can be reduced using reflective
wrapping. The present study focuses on characterizing the conduction heat transfer
through the tank wall.

Thermal conductivity is a material property that quantifies the ability of a material
to conduct heat in a certain direction. Thermal conductivity is derived as a proportionality
constant in Fourier’s law of heat conduction with SI units of Wm™K™, assuming a
constant temperature difference. Cryogenic tanks in space experience thermal cycling,

such that the conduction through the material is unsteady. Modeling unsteady heat
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conduction through a material requires knowledge of thermal conductivity and
volumetric specific heat, which create the combined material property of thermal
diffusivity. Specific heat, normalized by mass, is the amount of energy required to
increase an amount of mass of a material one degree in absolute scale with Sl units of
Jkg KL, Volumetric specific heat, normalized by volume, is the product of specific heat
MJIm3K! and density kgm with SI units of MIm=K. The ratio of thermal conductivity
to volumetric specific heat is the thermal diffusivity of a material with SI units of mm?s™,
Physically, thermal diffusivity relates the ability of a material to conduct heat to the
ability of a material to absorb heat.

The thermal conductivity, thermal diffusivity, and volumetric specific heat of a
substance are a function of temperature requiring measurements at each temperature of
interest. Also, the value of thermal conductivity and volumetric specific heat for the
RTV-655/polyimide aerogel compound changes as the volume ratio changes. Thermal
conductivity in a layered heterogeneous material will vary directionally. For this study,
the polyimide aerogel layers are oriented to simulate the layering technique used in the
prototype cryogenic propellant tank. If the total volume and cross-sectional area of the
compound materials used in this study are equivalent as a means of experiment control,
then changes in the thickness of polyimide aerogel in the compound will be the only
significant variable length. A change in the ratio of the thicknesses is the only geometric
parameter which can change the volume ratio for this study. The volume ratio is
subsequently used as an independent variable for determining thermal conductivity with
the understanding that the thickness ratios of the compound materials are only variable

geometric parameters.
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Specific heat is a property normalized by the mass of a material rather than the
geometry of the material. However, volumetric specific heat is specific heat normalized
by a dimension of length. As mentioned, if the total volume and cross-sectional area of
the compound materials used in this study are equivalent as a means of experiment
control, then changes in the thickness of polyimide aerogel in the compound will be the
only variable length. A change in the ratio of the thickness is the only geometric
parameter which can change the volume ratio for this study. The volume ratio is
subsequently used as an independent variable for determining volumetric specific heat
with the understanding that the thickness ratios of the compound materials are the only
variable geometric parameter. Thermal conductivity, volumetric specific heat, and
thermal diffusivity of RTV-655, polyimide aerogel, and three volume ratios of the
compound were measured at 85K, 253K, 295K, and 313K using the hot disc transient

plane source method in accordance with the ISO 22007-2:2015 standard [15].

1.4 Previous Research

This study presents thermal property measurements which are essential in the
development of future computational simulations. The simulations can be subsequently
used for modeling systems that can potentially benefit from the use of the RTV-
655/polyimide aerogel compound material. A polymer and aerogel were proposed as a
novel compound for constructing cryogenic liquid tanks for use in space. RTV-655 was
chosen as the substrate due to its thermal properties and space-qualification. Polyimide
aerogel was chosen following studies of the mechanical and thermal properties of other
aerogels available at the time. Polyimide aerogel was the best option because of its

ductility and availability in flexible thin sheets ideal for cylindrical tank designs. A small-
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scale feasibility study was performed using two tanks: an RTV-655 tank as a control and
an RTV-655/polyimide aerogel tank [11]. The tanks were filled with liquid nitrogen to
observe the difference in thermal and mechanical performance of the two tank materials.
The experimental results demonstrate a decrease in self-pressurization rates with the
addition of aerogel and support the concept of using RTV-655 and polyimide aerogel to
construct a cryogenic liquid container [11]. Computational models can be used to
simulate large scale applications of the compound material. Accuracy of the
computational model depends on accurate measurements of the material properties used

in the computational model, which is the purpose of this study.
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CHAPTER 2.

METHODS AND MATERIALS

2.1 Transient Plane Source Method

Dr. Silas E. Gustafsson and his team in the Department of Physics at Chalmers
University of Technology in Gothenburg, Sweden developed and patented the transient
plane heat source method, TPS, as a rapid technique of measuring the thermal transport
properties of solids, liquids, powders, and pastes from cryogenic to extremely high
temperatures, 1000K [16]. The TPS method can determine thermal conductivity, thermal
diffusivity, and volumetric specific heat of a material with a single measurement using a
single sensor. The same machine can also be used to measure volumetric specific heat
independently with two measurements: a reference measurement and a sample
measurement. The machine that employs the TPS method for measuring both thermal
conductivity and volumetric specific heat is known as a Hot Disk Thermal Constants
Analyzer. The specifications and documented capabilities for six available Hot Disk
Thermal Constants Analyzer models including the model used for this study, the TPS

1500, are listed in Table 1.
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Table 1: Hot Disk Thermal Constants Analyzer models and specifications.

Minimum Thermal
I\;Ir PS Sample Conductivity Temperature
odel . Range
Size Range
[mm] [Wm*K™] [K]
3500 2 0.005 to 1800 113t0 1273
2500 S 2 0.005 to 1000+ | 113to 1273
2200 6 0.01 to 500 113 to0 1023
1500 13 0.01 to 20+ 113 to 1023
500 S 13 0.03 to 200 113 to 573
500 6 0.03 to 100 113 to 573

The TPS 1500 Hot Disk Thermal Constants Analyzer, pictured in Figure 2, was
purchased from ThermTest, Inc. As shown in Table 1: Hot Disk Thermal Constants
Analyzer models and specifications., the TPS 1500 has the capability of measuring
thermal conductivity and volumetric specific heat of materials within the temperature
range of 113K to 1023K and between the thermal conductivity range of 0.01 and 20 Wm-
1K1, The machine uses thin, circular transient plane source sensors, known as hot disks,
of varying radii based on the dimensions of the material being measured. The sensor,
illustrated in Figure 3., is a thin, double nickel spiral covered by a thin protective layer of
Kapton insulation. The sensor size and sensor number for the available hot disks are

listed in Table 2.
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Table 2: Compatible hot disk sensor sizes and sensor numbers.

Sensor Radius
[mm]
5465 3.189
5501 6.403
8563 9.908
4922 14.61

Figure 2: TPS 1500 Thermal constants analyzer.
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Figure 3: Hot disk transient plane source sensor

2.1.1 Hot Disk Sensor Functions

The hot disk sensor, shown in Figure 3, has two functions: supply a constant heat flux to
the sample and simultaneously measure the time-dependent temperature increase of the
sensor’s surface. The recorded transient temperature is the average temperature increase

of the sensor’s surface obtained by recording the transient resistance of the sensor. The
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electrical resistivity of the nickel sensor changes with temperature and the rate of
resistance change is a material property known as the thermal coefficient of electrical
resistivity with Sl units of (K), abbreviated as TCR in the software. Using the TCR

value at the measurement temperature, the transient resistance of the sensor is denoted as:

R(t) = Ro[1 + TCR(AT; + AT(1))] 1)

Rearranging the equation for the transient temperature increase yields:

AT(t) = — (22— 1) — ATy )

TCR \ Ry
Two-hundred evenly distributed points are recorded for all measurement times producing

a graph like the one shown in Figure 4.
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Figure 4: Transient temperature increase of hot disk sensor surface.

Also, before heat is supplied to the sample, the temperature of the sensor is measured for

forty seconds. The difference between the initial temperature and the subsequent

measurements is plotted on a graph called temperature drift. The temperature drift
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indicates if the sample was at steady state before heat was supplied to ensure no external
heat sources are present during the measurement. A temperature drift graph indicating a

steady state is shown in Figure 5.
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Figure 5: Recorded temperature drift

The TCR value is a function of temperature and is available in the software
between 113K and 1023K. The lack of TCR values below 113K require calibrating the
TCR values at each temperature of interest below 113K. The TCR value at any
temperature of interest can be calibrated by measuring a reference material with a
measured reference thermal conductivity at the temperature of interest. The thermal
conductivity of the reference material is measured at the experimental temperature with
an appropriately sized hot disk sensor. The measured thermal conductivity from the
software is equivocated to the measured reference value by adjusting the TCR value until
the measured thermal conductivity matches the measured reference value. The same
process is repeated for separate measurements. The optimal TCR value for each thermal

conductivity measurement is recorded. The average TCR value from all the
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measurements becomes the newly calibrated TCR value at the respective measurement
temperature. In this study, the calibrated TCR value is used for thermal conductivity and
volumetric specific heat measurements.

As previously stated, a single measurement is enough to obtain the thermal
conductivity, thermal diffusivity, and volumetric specific heat of a homogeneous material
without knowing any of the material properties beforehand. However, the measurement
of heterogeneous materials is known to provide larger uncertainties for measured thermal
diffusivity and calculated volumetric specific heat. Consequently, volumetric specific
heat was measured independently for RTV-655, polyimide aerogel, and three volume
ratios of the RTV-655/polyimide aerogel compound at 85K, 253K, 295K, and 313K. The
thermal conductivity and volumetric specific heat measurement methods involve two

separate experimental setups.

2.1.2  Thermal Conductivity Measurement Method

Thermal conductivity measurements begin with placing the sensor in between two
identical, flat pieces of material large enough so that the sensor is at least the sensor’s

radius away from the outside of the material at all points illustrated in Figure 6.

Figure 6: Proper double-sided thermal conductivity measurement [17]

A piece of polystyrene foam can replace one of the pieces to perform a one-sided

experiment, but for this study the sensor is placed between two nearly identical samples
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for double-sided measurements. Figure 6 shows the thermal conductivity sample holder
used for measurements at 253K to 313K. After the sample and sensor have been secured,
the measurement parameters such as time, temperature, power, mass, and minimum
probing depth are input then the measurement is initiated. The raw measurement results
appear after the measurement is conducted in the form of a temperature drift graph and a
transient temperature graph. The temperature drift graph is used to determine if the
sample was at steady state before the sample measurement was initiated. If the variation
of temperature difference does not show any non-random fluctuation within the
temperature drift graph, the sample is considered to have been at a steady state
temperature before the measurement was conducted. The transient temperature graph
contains the raw data used to facilitate the calculation of thermal conductivity and
volumetric specific heat. A range of points is selected from the transient temperature
graph to calculate the thermal properties. The software executes a linear optimization
algorithm on an analytical model for the average temperature increase across the surface

of the hot disk sensor to compute the thermal conductivity and thermal diffusivity, and
then the volumetric specific heat can be solved for by using eq. pC = S (8).

Correspondingly, in this study, the solved volumetric specific heat is named the
calculated volumetric specific heat and the result of the volumetric specific heat
measurements is named the measured volumetric specific heat. The derivation of the TPS
theory for measuring thermal conductivity and volumetric specific heat can be found in
literature [18]. The analytical equation for the average temperature increase of the surface
of any hot disk sensor is shown below in eg. (3), which is the equation that allows

measuring thermal conductivity and thermal diffusivity simultaneously:
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T(t) =

D(7) + AT; 3)

n2-rk

The temperature increase is proportional to D(z), which is a geometric time dependent

function defined as:

<k2+l2>
2
m Kl

Tdo
D(T)_mz(mﬂ)zf Z T kX le™ a7 Io(

) (4)

2m2g2

The variable, 1, is calculated and provided by the software as a variable named the total to
characteristic time. The total to characteristic time is a dimensionless ratio of the elapsed
measurement time within the measurement window to the characteristic time of the

material being measured:

T= |& (5)

The characteristic time is an important aspect to the TPS theory because the characteristic
time of the material normalizes the analytical model for any thermal diffusivity, a, and

size sensor, r, calculated as:

0="1 (6)
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The software executes a computational routine to determine the line of best fit for the
experimentally recorded temperature change versus D(t) by optimizing the thermal
diffusivity value in the total to characteristic time, z [18]. The y-intercept of the line of
best fit is used to determine the temperature gradient across the protective Kapton
insulation of the hot disk sensor. The value for the slope of the line of best fit is set equal
to the analytical slope defined in eq. (3) resulting in the following expression for thermal
conductivity:

Py

L ™

2 * r* slope

The calculated volumetric specific heat can be solved dividing thermal conductivity by

thermal diffusivity as shown in eq. (8) below:

pC = 8

RNI=

The penetration of heat into the sample, known as the probing depth, is analytically found

using the following relation:

p = Viat 9)

It should be noted that the thermal conductivity and thermal diffusivity provided by the

thermal conductivity measurements is the geometric mean of the radial and axial thermal
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conductivity and thermal diffusivity, known as the effective thermal conductivity, shown

in eq. (10):

k=.k k, (10)

2.1.3  Volumetric Specific Heat Measurement Method

The volumetric specific heat measurement employs the hot disk sensor differently
than thermal conductivity measurements. The hot disk sensor is attached to the bottom of
a copper cup, 4 cm in diameter and 11 mm in depth for this study, fitted with a lid and a
rubber O-ring gasket around the top edge. The copper cup, lid, and sensor are enclosed in
insulation to maximize the heat absorbed by the cup. The setup is secured by a sample
holder designed for measurements in the ambient air, which was useful for the
measurement temperatures of 253K, 295K, and 313K. The sample holder, insulation, and

copper cup for the volumetric specific heat measurement are shown in Figure 7.

P

-Figure 7: Volume

Measuring volumetric specific heat includes two measurements: a reference
measurement of the empty cup and a sample measurement of the cup containing the
sample. The measurement process begins by supplying a certain amount of power for a
specified amount of time to the empty sample holder in the reference measurement. After

the reference measurement successfully conducted and saved, the reference measurement
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is used to initialize a sample measurement. Consequently, the reference measurement
constrains the measurement time and temperature of the sample measurement. So, for
every time and temperature, there must be at least one reference. The sample
measurement calls for the mass and/or volume of the sample as well as an increase in the
power input for the sample measurement to equivocate the sample and reference
measurements. Following the sample measurement, the measured volumetric specific
heat of the sample is obtained within from the software using points 100 to 200 for every
material. The software provides specific heat and/or volumetric specific heat depending
on whether mass and/or volume are input to the software. As mentioned in Section 1.3,
specific heat is normalized by mass, whereas volumetric specific heat is normalized by
volume. The fundamental calculation of specific heat requires the known power input for
the sample and reference experiment, mass of the sample, reference measurement

temperature difference, and time interval in the eq. (11) as follows:

At
C= (Rsam - Pref)m (11)

Measured specific heat can be normalized by a dimension of length when multiplied by

the density of the material, p = % The density of the material cancels out the mass term

of specific heat and replaces it with volume shown in eq. (12) below. The software can
also provide measured volumetric specific heat of a material knowing only the measured

material volume shown in the last part of eq. (12)

pCZ%(Psam_Pref)ﬁ = (Psam_Pref)% (12)
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Since the total volume of material is constrained by the volume of the copper cup, the
mass of the material is the only changing variable. A variation in the compound sample
mass within a fixed total volume can be reflected by the volume ratio of the sample,
which is hypothesized to be an independent variable of the volumetric specific heat
measurements. If the mass or density of a measured sample is considerably low because
the volume ratio is high, the sensitivity of equivocating the reference temperature
increase and sample temperature increase is exacerbated, which can lead to larger
experiment uncertainty. The measured volumetric specific heat can be compared to the

calculated volumetric specific heat obtained in thermal conductivity measurements. In

M At At .
general, eq. pC = - (Poam — Pref)m = (Poam — Pref)m (12(12) illustrates

measured volumetric specific heat as the additional heat required to increase the
temperature of the copper cup with the sample of a certain volume to the same amount as

without the sample.

2.2 Materials

Thermal conductivity and volumetric specific heat were measured for three
groups of materials: reference, homogeneous, and heterogeneous. The reference materials
were chosen to have a thermal conductivity within the measuring capabilities of the
machine and documented thermal properties at the temperatures of interest. Paraffin wax,
SS316, and XPS were chosen as the reference materials to validate and benchmark the
measurement technique before measuring materials with unknown thermal properties.
For this study, the homogeneous group of materials refers to RTV-655 and polyimide

aerogel. The heterogeneous group of materials refers to the RTV-655/polyimide aerogel
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compound samples. RTV-655 and compound RTV-655/polyimide aerogel samples were
made specifically for the thermal conductivity and volumetric specific heat measurement
constraints. The samples used for thermal conductivity were molded in an aluminum
block with a cylindrical pocket 13 mm deep and 38 mm in diameter. The 38 mm diameter
was chosen to occupy the most surface area in the copper cup used for volumetric
specific heat measurements. Additionally, a sample diameter of 38 mm allows a sensor of
specific radius, sensor 5501 with a radius of 4.403 mm, to probe the entire available
radial and axial probing depth. The sample thickness of 13 mm thickness is nearly twice
the diameter of the sensor allowing the whole sample thickness to be probed while
remaining within the recommended total time to characteristic time. Two samples were
made for RTV-655 and three volume ratios of the RTV-655/polyimide aerogel compound
to conduct double-sided thermal conductivity measurements. The volumetric specific
heat measurements only required a single sample of RTV-655 and three volume ratios of
the RTV-655/polyimide aerogel compound. The volumetric specific heat samples were
molded in the same aluminum block with an 8 mm thick disc of the same diameter within
the cylindrical hole to reduce the depth from 13 mm to 5 mm following the

considerations for the volumetric specific heat measurement discussed in Section 2.3.2.

2.2.1 Reference Materials

The supplier of the hot disk thermal constants analyzer, ThermTest, provided two
stainless steel 316, SS316, discs along with a measured value at room temperature to
validate the rated accuracy and precision of the TPS 1500. The SS316 discs, pictured in
Figure 8, have a diameter of 6 cm and a thickness of 2 cm with a density of 8000 kgm3.

ThermTest provides a reference thermal conductivity for SS316 at room temperature of
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13.53 WmK, which was measured by their own TPS system [19]. Also, thermal
conductivity and volumetric specific heat of SS316 is available from 1K to 1700K within
literature [20] [21] [22]. The thermal conductivity of SS316 at 295K is below the upper
thermal conductivity limit of 20 Wm™K™ for the TPS 1500. However, the thermal
conductivity, specific heat, and density of SS316 is not akin to the thermal conductivity,
specific heat, and density of the materials of interest, RTV-655 and polyimide aerogel.
For this reason, reference materials with a lower thermal conductivity and density closer

to that of RTV-655 and polyimide aerogel became desirable.
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Figure 5. Specific Heat of AISI 316 Stainless Steel.

Figure 9: Specific heat of SS316 as a function of temperature
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Initially, paraffin wax was chosen as a benchmark material to replicate a
documented volumetric specific heat measurement of paraffin wax at room temperature
available from ThermTest [23]. Paraffin wax has a volumetric specific heat of 2.250
MJIm=3K! and a thermal conductivity of 0.25 Wm™K* at room temperature [24]. The
benchmark thermal diffusivity of paraffin wax at 295K is 0.111 mm?s™*, which is almost
identical to the benchmark thermal diffusivity for RTV-655 at 295 of 0.112 mm?s™.
Paraffin wax has a density of 900 kgm™ closer to the density of RTV-655, 1040 kgm3,
than to the density of polyimide aerogel, approximately 0.1 kgm [13]. Circular samples
of paraffin wax, pictured in Figure 10, were shaped out of a square block to fit within the
copper cup used in the volumetric specific heat measurements. The benchmark thermal
conductivity measurements were conducted using the square paraffin wax samples.
Reference values for the thermal conductivity and volumetric specific heat of paraffin
wax are only available at room temperature [24] [23]. Consequently, the benchmark
measurements for volumetric specific heat and thermal conductivity of paraffin wax was

constrained to the measurement temperature of 295K.

Extruded polystyrene foam, XPS, is a rigid insulation formed in an extrusion
process of creating tiny closed cells of a polystyrene polymer. As a result of the porosity,

XPS has a low density and a low thermal conductivity useful for numerous insulation
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applications. The XPS measured in this study, shown in Figure 11,was manufactured by
Owen-Corning with measured thermal conductivities from ThermTest at 113, 273, and
293K in accordance with the ASTM C177 standard [25]. National Institute of Standards
and Testing, NIST, provides thermal conductivity and volumetric specific heat for an
XPS density of 32 kgm-3 [26]. Properties were also defined for a larger variation of
density and thermal conductivity in [27] [28]. The reference thermal conductivity value
of XPS at 85K was used to calibrate the TCR value of the hot disc sensor at 85K. The
calibration process is explained in detail within Section 2.4. Thermal conductivity
measurements were conducted using a pair of square foam samples with dimensions of 7
cm x 7 cm x 1 cm, pictured in Figure 11. The volumetric specific heat measurement
method and experimental setup constrain the sample dimensions to a diameter of 38 mm
or less and a thickness of 5 mm or less. The volume constraint creates a
disproportionality between the sample mass of the high-density materials, RTV-655 and
the three volume ratios, and the sample mass of the low-density materials, XPS and
polyimide aerogel. Previous thermal conductivity measurements of RTV-655 and
polyimide aerogel also used the polystyrene samples to calibrate the measurement

software [14].
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Figure 11: Extruded polystyrene blocks (left) and disc (right)
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Figure 12: Thermal conductivity of XPS foam based on density and temperature.

2.2.2 Homogeneous Materials

As mentioned in Section 1.2, the polyimide aerogel measured in this study was
synthesized by NASA [13]. The properties of the polyimide aerogel are known to change
based on variations in the synthetization process as well as the constituents of the
synthetization process [13]. The polyimide aerogel used in this study does not have

measured reference property values at any temperature, meaning the thermal properties
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must be measured. The polyimide aerogel is available in two forms: monolith blocks with
dimensions of 2 cm x 2 cm x 1 cm and thin, flexible sheets, which is the exact aerogel
used to construct the prototype RTV-655/polyimide aerogel propellant tank.
Consequently, the polyimide aerogel sheets were chosen as the desired form of polyimide
aerogel to be measured in this study. Both forms of aerogel are pictured below in Figure

13.

Figure 13: Polyimide aerogel monolith block (left) and sheets (right).

RTV-655 is obtained as a two-part, part A and part B, compound that must be
mixed, outgassed, and cured. The RTV-655 sample preparation begins by mixing part A
and part B at a 10:1 mass ratio on a high precision scale. The amount of uncured RTV-
655 used for making samples is small, as a result, the two parts should be mixed for 10
minutes. Mixing RTV-655 introduces a significant amount of air that needs to be
outgassed before curing the RTV-655. For this study, RTV-655 was cured for one hour at
a temperature of 373K, in accordance with the instructions provided by the manufacturer
for complete curing [8]. A molded and cured RTV-655 disk is pictured in Figure 14. The
thermal conductivity of another RTV silicone rubber, RTV-566, is available in literature
from 1.2K to 300K shown in Figure 15 [29], which may be useful for comparing the

thermal conductivity results of this study.

41



G4 o .
P
7; 0,3
=
E
3 0,2
=
=
[-]
L8]
E o0, ¢ :
5 ; =
&= - ]
= [
n- 1 1 1 1

50 100 150 200 250 300
Temperature (K)

Figure 15. Thermal conductivity of a different elastomer RTV-566 from 1.2K to 300K.

2.2.3 Heterogeneous Materials

The compound RTV-655/polyimide aerogel samples were made by embedding
circular polyimide aerogel sheets within RTV-655 cured in the same 38 mm diameter
aluminum mold. The circular polyimide aerogel sheets were cut with a 1-3/8 inch, nearly
35 mm, circular punch from large sheets of polyimide aerogel. The 3 mm difference
between the diameter of the aerogel discs and diameter of the mold allowed the RTV-655
to cure around the embedded aerogel because RTV-655 and polyimide aerogel do not

laminate to each other. To ensure that the aerogel discs stayed in the center of the mold,
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an aluminum bracket and threaded rod attachment, pictured in Figure 16, were designed
to hold the polyimide aerogel sheets in place during outgassing and curing. The
outgassing time for the volume ratio samples was considerably higher than for RTV-655

alone. The outgassing process and final cured sample are shown in Figure 17.

Figure 16: amle mold an aerogel placement holder.

The number of aerogel discs chosen was dependent on the thickness of each disc
as well as the desired volume ratio. Target volume ratios of 0.17, 0.34, and 0.51 were
chosen to be consistent with a previous elasticity study of the RTV-655/polyimide

aerogel compound [30], where volume ratio is defined as:

VR =—YrL__ ot (13)

T VRTVHVRr  trrvter
The volume ratio of the samples will vary slightly from the ratio of the thicknesses
because the polyimide aerogel is fully encapsulated, thus a ‘layer’ of polyimide acrogel
includes a very small amount of RTV-655. Therefore, volume ratios presented herein are
assumed to be approximately equal to the ratio of thicknesses. The volume of aerogel in
each sample was calculated using the thickness and diameter for each set of aerogel discs
within a sample. The average measured mass, volume, polyimide aerogel density, and

measured volume ratio for each sample set used in the thermal conductivity
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measurements is listed in Table 3. The average measured mass, volume, aerogel density,
and measured volume ratio for each sample set used in the volumetric specific heat
measurements is listed in Table 4. shows the progression of outgassing and a final cured
compound RTV-655/polyimide aerogel sample. The cross-sectional view of the
compound samples at each volume ratio was examined by a stereo microscope and
images acquired during this examination are presented in Figure 18 for the thermal

conductivity samples and in Figure 19 for the volumetric specific heat samples.

Table 3: Average dimensions for each volume ratio sample set used for the thermal

conductivity measurements

Parameter VR20 VR34 VR56
Diameter [m] 0.038 0.038 0.038
Thickness [m] 0.012 0.013 0.013

Mass [ka] 0.013 0.012 0.011
Volume [m*] | 1.32E-05 1.43E-05 | 1.52E-05
Density | [kgm®] 954 824 736

Pl Volume [m°] | 2.67E-06 | 4.86E-06 | 8.49E-06

Volume Ratio 0.20 0.34 0.56

specific heat measurements

Table 4: Average dimensions for each volume ratio sample set used for the volumetric

Parameter VR20 VR47 VR71
Diameter [m] 0.038 0.038 0.038
Thickness [m] 0.005 0.006 0.006

Mass [ka] 0.006 0.005 0.004
Volume [m?] 6.08E-06 6.23E-06 | 6.28E-06
Density [kgm®] 939 808 698

Pl Volume [m?] 1.19E-06 2.95E-06 | 4.46E-06

Volume Ratio 0.20 0.47 0.71
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paration progress.

Figure 18. Cross-sectional view of VR20, VR34, and VR56 (left to right) used in thermal
conductivity measurements.

Figure 19. Cross-sectional view of VR20, VR47, and VR71 (left to right) used in
volumetric specific heat measurements.
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2.3 Methods

2.3.1  Thermal Conductivity Measurement Considerations

Thermal conductivity measurements should include the following considerations.

The total recorded temperature increase should be within 2K to 7K and the sample should
be at a steady-state temperature before heat is supplied, which can be verified by
inspecting the temperature drift. The penetration depth of the heat must be less than the
difference between the radius of the cylindrical sample and radius of the sensor as well as
the axial length of the cylindrical sample. The probing depth is determined using the
solved thermal diffusivity and measurement time within eq.p = V4at (9). The total
to characteristic time, 72, should be between 0.333 to 1.0, which corresponds to a
penetration depth of a radius and twice the radius of the sensor, respectively. Therefore,
the best results require the sample to have a diameter greater than or equal to two times
the diameter of the sensor and a thickness greater than or equal to the radius of the sensor.
Four sizes of sensors were used within this study with the numbers and diameters listed
in Table 2. The larger sensors, with a radius of 6.403 mm or above, measure
heterogeneous materials more accurately due to the increased amount of material
represented in the measured results [31]. The best calculations do not include the
beginning points to neglect the effect of thermal contact resistance between the sensor
and material interface. Once the properties are calculated, the mean deviation should be
in the order of e-4.

The sensor should be firmly clamped, aligned between the samples, and taut as

shown in Figure 6. The measurements at 253K, 295K, and 313K used the same sample
holder as shown in Figure 6, while measurements at 85K require a separate sample
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holder, pictured in

1

Figure 21. The recommended measurement time, power, and sensor is provided

for each temperature under the respective heading below. If alternate sensors are used for
measurements, the amount of time and power will need to be changed to satisfy the

temperature and probing depth conditions for the new measurements.

2.3.1.1 Thermal Conductivity 313 Kelvin Method
Thermal conductivity measurements at 313K were performed inside of a Tenney

jr. environmental chamber. The environmental chamber was able to minimize
temperature drift maintaining the temperature at 313K plus or minus a tenth of a degree.
Three sizes of sensors were used depending on the material being measured and the
available probing depth for the samples being measured. SS316 and XPS were measured
with the 8563 sensor because the available probing depth for both materials exceeded its
radius of 9.908 mm. RTV-655 and the three volume ratios were measured the 5501
sensor, with a radius of 6.403 mm, to achieve similar probing depths in addition to the
maximum probing depth constraint. The polyimide aerogel sheets were measured with
the 5465 sensor, with a radius of 3.189 mm, due to the available probing depth of the

stacked sheets. For each set of measurements, the samples were allowed at least five
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hours to reach a steady temperature of 313K before performing a set of five to ten
measurements with thirty to sixty minutes in between each subsequent measurement. The
prescribed time, power, and sensor for the thermal conductivity measurements at 313K
are listed for each material in Table 5.

Table 5: Inputs for thermal conductivity measurements at 313K.

Material Time Power Sensor
[s] [mW]

VRO0.0 (RTV-655) 320 50 5501
VR20 640 35 5501
VR34 320 35 5501
VR56 320 25 5501

VR1.0 (PI) 80 7 5465
SS 316 20 3000 8563
XPS 80 24 8563

2.3.1.2 Thermal Conductivity 295 Kelvin Method
Thermal conductivity measurements at 295K were performed in the ambient

conditions of the laboratory over the environmental chamber due to the instability of the
chamber’s control system at 295K. Three sizes of sensors were used for the
measurements at 295K to maximize probing depth for each material. Stainless steel was
measured with the 8563 sensor; XPS, RTV-655, and the three volume ratios were
measured with the sensor 5501 to obtain similar probing depths; and polyimide sheets are
restricted to the small 5465 sensor due to the available probing depth. After the sensor
and sample have been properly secured in the correct sample holder, the samples are
given three hours to obtain a steady state temperature before beginning measurements. At
least five measurements are performed for each sample and time with thirty to sixty

minutes in between depending on the thermal diffusivity of the material. The time in
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between measurements should be increased if a temperature drift is observed. Table 6
lists the time, power, and sensor used to measure each property at 295K.

Table 6: Inputs for thermal conductivity measurements at 295K.

Material Time Power Sensor
[s] [mW]

VRO0.0 (RTV-655) 320 40 5501
VR20 640 25 5501
VR34 640 20 5501
VR56 320 20 5501

VR1.0 (PI) 40-80 10 or 7 3563
SS 316 20 3500 8563
Paraffin Wax 160 100 5501
XPS 40 8 5501

2.3.1.3 Thermal Conductivity 253 Kelvin Method
Thermal conductivity measurements at 253K were executed in a chest freezer.

The temperature was recorded to be 253K plus or minus two degrees. The measurements
in the freezer are susceptible to temperature drifts due to the cycling of the refrigeration
system. This can be can be mitigated by enabling temperature drift compensation within
the calculation window. Stainless steel 316, XPS, RTV-655, and the smallest volume
ratio were measured using the 5501 sensor. A failure of the 5501 sensor forced the two
larger volume ratios to be measured with the 8563 sensor, which is an acceptable option.
The polyimide sheets require the 5465 sensor to accommodate its available probing

depth. The time, power, and sensor used for each measured material is listed in Table 7.
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Table 7: Inputs for measuring thermal conductivity at 253K.

Material Time Power Sensor
[s] [mW]

VRO0.0 (RTV-655) 320 50 5501
VR20 640 30 5501
VR34 320 70 8563
VR56 320 20 8563

VR1.0 (PI) 40 5 3563
SS 316 20 1000 5501
XPS 40 10 5501

2.3.1.4 Thermal Conductivity 85 Kelvin Method
Thermal conductivity measurements at 85K utilized a low temperature apparatus

submerged in a dewar filled with liquid nitrogen, described in detail in a following
section. The temperature was measured using a type K thermocouple, which is capable of
measuring temperature at 85K. The time, power, and sensor are indicated for each
measurement in Table 8. There was a significant decrease in power for the lower
temperature measurements relative to the higher temperature measurements indicating
thermal conductivity decreases with temperature. All the experiments required a longer
time of at least 6 hours before measurements were initiated with at least ninety minutes in

between to allow the sample to achieve steady state.
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Table 8: Inputs for measurement of thermal conductivity at 85K.

Material Time Power Sensor
[s] [mW]

VRO0.0 (RTV-655) 80 to 160 50 to 40 5501
VR20 320 to 640 12t0 8 5501
VR34 640 18 5501
VR56 640 to 1280 20to 16 5501

VR1.0 (PI) 80 or 160 4or7 5465
SS 316 20 750 8563
XPS 20 5 5501

Volumetric Specific Heat Measurement Considerations

Accurate volumetric specific heat measurements using the hot disk transient plane

determine thermal settling time:

Table 9: Estimated thermal settling time for all materials at each temperature

L2
Tsettling ~Ja

source method include the following considerations. The measurement times chosen
should be greater than the thermal settling times of each material, listed in Table 9. The

thickness of the sample and its thermal diffusivity are used in the following equation to

Material 313K 295K 253K 85K

[s] [s] [s] [s]

VRO0.0 (RTV-655) 241 231 214 65
VR20 377 313 802 409
VR34 324 321 300 402
VR56 183 193 238 177
VR1.0 (PI) 76 85 80 374
XPS 33 36 39 29
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It should be noted that the thermal diffusivity used for each calculation was from thermal
conductivity measurements, which are known to include errors for the heterogeneous
materials. The sample should be five millimeters or less in thickness to prevent
occupying more than half the volume of the cup. The total temperature increase of the
reference experiment for measured materials should be greater than or equal to 3K and
less than or equal to 7K [25]. The sample holder and sensor should be well insulated to
maximize the amount of supplied heat absorbed by the sample being measured. The
ambient conditions between reference and sample measurements should be identical. The
temperature for all measurements was monitored periodically using a type K
thermocouple. An increase in power for the sample measurement is required to match the

temperature increase of the reference measurement. An estimation for the required

M
sample measurement power can be solved and calculated from eq. pC = - (Peam —

Pref) ﬁ = (Psam — Pref) %(12) using an educated guess for volumetric specific

heat along with all known variables of the volumetric specific heat measurement. The
sample, sensor, and holder should be at a steady state temperature which can be verified
by inspecting the temperature drift graph. The temperature drift graph should be
inspected for temperature drift to verify the sample holder is at a steady state. Points 100

to 200 are used for the calculation for all measurements.

2.3.2.1 Volumetric Specific Heat 313 Kelvin Method
Volumetric specific heat measurements were performed in an environmental

chamber with a steady temperature of 313K plus or minus a tenth of a degree. The

measurements were conducted in the environmental chamber to eliminate differences
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between reference and sample measurement environments. The reference and sample

power used for 313K measurements are recorded in Table 10.

Table 10: Inputs for volumetric specific heat measurements of the compound material at

313K.
. . Reference Sample
Material Mass Time Power Power
[9] [s] [mw] [mw]
VRO0.0 (RTV-655) 4.793 160 377 610
320 200 300
VR20 5.708 160 377 605 to 615
320 200 322
VR47 5.038 160 377 S75
320 200 310
VR71 4.388 160 377 560
320 200 305
80 660 608 to 705
VR1.0 (PI) 0.512 160 377 378 to 400
320 216 216.5 to 228

2.3.2.2 Volumetric Specific Heat 295 Kelvin Method
Volumetric specific heat capacity measurements were performed in the ambient

air of the laboratory which has an average air temperature of 295K with a few degrees of
fluctuation throughout the day. The ambient temperature of the laboratory experienced
higher variability than within the environmental chamber at 313K discussed in Section
2.3.1.1. The room temperature measurements were performed for a large measurement
time range and the inputs for each reference and sample measurement are recorded in

Table 11.
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Table 11: Inputs for volumetric specific heat measurements at 295K.

Material Mass Time Reference Sample Power
Power
[9] [s] [mW] [mW]
160 200 345 to 367.6
VRO0.0 (RTV-655) 5.383 320 125 204 t0 212
640 95 140
1280 80 105
160 200 to 377 400 to 700
VR20 5,704 320 125 to 222 245 to 382
640 95 to 145 160 to 226
1280 80 to 107 100 to 147
160 200 375t0 385
VRA7 5,038 320 125 227 to 235
640 95 153 to 158
1280 80 95 to 98
160 200 to 377 385 to 580
320 125 to 222 235 to 360
VR71 4.388
640 95 to 145 158 to 200
1280 80 to 107 98 to 140
160 234 278
VRL.0 (PI) 1,610 320 141 106
640 95 162.8t0 163.1
1280 73 79
320 141 375
Paraffin Wax 8.735 640 95 217 to 217.5
1280 73 136
20 1600 1640
40 1100 1121
558.62 to
80 550 to 600 660.87
XPS 0110 160 377 3821223 1358325
JA5t0
320 222 224,61
640 145 146.2 t0 146.4
107.62 to
1280 107 107 63
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2.3.2.3 Volumetric Specific Heat 253 Kelvin Method
Volumetric specific heat measurements at 253K were conducted in a chest

freezer. The temperature was measured to be an average of 253K with fluctuations in
temperature based on the refrigeration cycle. The inputs for all measurements at 295K are

listed in Table 12.

Table 12: Inputs for volumetric specific heat measurements at 253K.

Material Mass Time Reference Power | Sample Power
[a] [s] [mW] [mW]
160 350 368
VRO0.0 (RTV-655) | 5.383 320 200 204
640 135 140
160 350 565 to 600
VR20 5.704 320 200 31510 335
640 135 190 to 200
160 350 550
VR47 5.038 320 200 320
640 135 185
160 350 530
VR71 4.388 320 200 310 to 320
640 135 185 to 200
VRLO (PI) 0512 160 350 360 to 373
320 200 210 to 225

2.3.2.4 Volumetric Specific Heat 85 Kelvin Method
Volumetric specific heat was measured at 85K using the setup and calibration

method described in the low temperature apparatus section below. The TCR value from
the thermal conductivity measurements was used for the volumetric specific heat
measurement. The amount of power used for each measurement time was much lower

than the higher temperature measurements because of the decrease in thermal
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conductivity of the materials in addition to an increase in the TCR value. The prescribed
variables for each material measured at 85K is listed in Table 13. RTV-655, polyimide
aerogel, and the largest volume ratio were measured the most because of the small

changes in properties with the lower volume ratios.

Table 13: Inputs for volumetric specific heat mesasurements at 85K.
Reference Sample

Material Mass Time

Power Power
(9] [s] [mWwW] [mw]

40 80 165

VRO0.0 (RTV-655) 15.992 80 80 120
160 60 105 to 135

320 40 90

VR20 13.032 160 60 105
VRA7 11.920 160 60 98 to 105
320 40 65to0 75
4.686 160 60 to 80 95 to 180
VR71 320 40to 70 65 to 150

640 40to 60 | 62.510 135

40 120 126
VR1.0 (PI) 0.75510 1.012 —2 100 115
160 80 85 to 107
320 60 65 to 135
640 40 44
2.4 Low Temperature Setup and Calibration

A previously constructed low temperature apparatus was repurposed for this
study. The apparatus secures and isolates the sample and TPS sensor while they are
immersed in liquid nitrogen within a 35-liter dewar. The apparatus consists of two

components made of stainless steel: a sample and sensor holder and an enclosure to
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separate the sample and sensor from outside environment. The original holder required
cutting the sensor cable and attaching each end of wires to either side of four electrically
insulated threaded rods that pass through the holder top. Instead, a new, similar holder
was designed to prevent damaging other sensors and allow using different sensors; the
new design was fabricated out of stainless steel with a hole in the top letting the sensor

cable pass through. The difference between the old and new sample holder component

can be seen in Figure 20

7%
X9
4

Figure 20. Old (left and middle) and new (right) low temperaure sample holders.

The redesigned low temperature sample holder fits within the same stainless-steel
container as the old low temperature sample holder. Two metal rods are welded to two
separate screws that are meant to be fasted on opposite sides for lowering and raising the
setup out of the dewar, which are partially shown in the far-right picture of Figure 20.
The opening of the dewar is typically filled by an insulation top; however, the insulation
top cannot fit in the opening during measurements due to the sensor wire. So, the opening
is occupied by a towel wrapped around the sensor cable to reduce the rate of liquid
nitrogen vaporization. Figure 21 shows the low temperature apparatus and the final

measurement setup within the dewar.
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In the absence of published TCR values at temperatures below 113K, the thermal
conductivity and volumetric specific heat measurements at 85K required the calibration
the TPS 1500. The TCR value can be calibrated at any temperature using a reference
material with a reference thermal conductivity at any temperature of interest. The
reference material for calibrating the TCR value has a reference thermal conductivity of
10.1 mWmK™ at 85K, which is on the cusp of the lower thermal conductivity range for
the TPS 1500. The measured thermal conductivity of XPS at 85K is calculated iteratively
for different TCR values until the measured and reference thermal conductivity of XPS at
85K are as close as experimentally possible. ThermTest provided XPS samples to
calibrate the TCR value at 85K. The sample environment was measured to be 85K with a
type K thermocouple, slightly above the boiling point of liquid nitrogen, 77K, due to the
temperature increase across the stainless-steel wall of the sample holder. The TCR value

was calibrated to a value of 0.014373 K1 at 85K.

|

E‘,..'. = .“ 2 195
/ S Y
e = ]

Figure 21. Cryogenic temperature apparatus and measurement setup.
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CHAPTER 3.

RESULTS

3.1 Validation Results

3.1.1  Validation of the TPS 1500 Accuracy and Precision

The accuracy and precision of the TPS 1500 was validated by comparing the
measured thermal conductivities of the reference materials,SS316 and XPS, at 295K to
reference thermal conductivities of SS316 and XPS at 295K provided by the
manufacturer, ThermTest [19]. The thermal conductivities for the reference materials lie
within the manufacturer’s specified thermal conductivity range of 0.01 Wm™K™ to 20
WmK? for the TPS 1500. ThermTest states that within the temperature range -160°C to
1000°C, results should have a percent error of less than 5% and a repeatability of less
than 2% [32]. The average thermal property measured or calculated in each set of
measurements is the value reported in this study. The uncertainty is determined by the
sample standard deviation of the measurement set calculated for thermal conductivity, k,

in the following example:

Y(k—k)?
s = ’ — (15)

The precision of the validation measurements is calculated as the relative sample standard
deviation, RSD, of the measured property. An example of the relative standard deviation

calculation for thermal conductivity is shown eq. RSD = =* 100 (16) as follows:

s
Kk
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RSD = %100 (16)

S
k
The relative absolute error is calculated as the difference between the average measured
property and reference value of a material, which is expressed as a percentage of the
reference value as shown for average measured thermal conductivity, k, in eq. e =

|k—kref|

¥ 100 (17):
kref

e = el L 100 (17)
kref

The purpose of measuring reference materials is to ensure the functionality of the
hardware and, more importantly, gain confidence in the measurement technique by
comparing personally measured values to reference values.

The validation results for SS 316 and XPS at 295K are listed in Table 14. The
average measured thermal conductivity of SS316 at 295K is 13.48 Wm™K* with a
repeatability of 0.2%. The relative absolute error between the average measured thermal
conductivity and reference thermal conductivity of SS316 at 295K is 0.4%. The average
measured thermal conductivity of XPS at 295K is 0.029 WmK! with a standard
deviation below the precision of the TPS 1500. The relative absolute error between the
average measured thermal conductivity and reference thermal conductivity of XPS at
295K is 0.6%. The relative absolute error and repeatability for the validation
measurements of SS316 and XPS at 295K are below the manufacturer’s documented

accuracy and precision capabilities, which validates the rated accuracy and precision of
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the TPS 1500. Thus, all subsequent measurements within the manufacturer’s specified
temperature range, thermal conductivity range, and sample size range are assumed to be

within the accuracy and precision ratings of the TPS-1500.

Table 14: Validation results for TPS method using SS 316 and XPS at295K

Relative
Material Number of Measured k K Reference Absolute
Measurements RSD k
Error
[#] [WmK1] [%] | [Wm'KT] [%0]
SS 316 10 13.482 +£ 0.029 | 0.2% 13.530 0.4%
XPS 10 0.029 +£0.000 | 0.0% 0.029 0.6%

3.1.2 Benchmark Material Thermal Property Measurement Results

Thermal conductivity and volumetric specific heat measurements of SS316, XPS,
paraffin wax, and RTV-655 were benchmarked by comparing the measured properties to
reference properties available in the literature. Note that the samples and reference values
at 295K reported in Section 3.1.1. are provided by ThermTest to verify the accuracy and
precision of the instrument at room temperature [19], while the property values used in
the following benchmark measurements were obtained from a variety of sources. The
goal of the benchmarking study is to gain confidence in the various experiment setups
and methods over a range of temperatures and to compare thermal property
measurements for materials that are expected to be representative of the RTV-655 and
polyimide aerogel. The selection of reference materials for both the validation
measurements and benchmark measurements is outlined in Section 2.2.1.

Although SS316 is not representative of either RTV-655 or polyimide aerogel,

SS316 was chosen first because the samples used for the TPS 1500 accuracy and
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precision validation study were available. More importantly, benchmark values for
thermal conductivity and volumetric specific heat of SS316 at 85K, 253K, 295K, and
313K are available in the literature [20] [21] [22]. Paraffin wax was selected as a
benchmark material for the volumetric specific heat measurements because a reference
value is provided by ThermTest at room temperature. Paraffin wax was selected as a
benchmark material for thermal conductivity measurements because the thermal
conductivity of paraffin wax at room temperature is close in magnitude to the thermal
conductivity of RTV-655 at room temperature. XPS was selected as a representative
porous material with a low thermal conductivity, similar in magnitude to thermal
conductivities of some aerogels. A reference value for the thermal conductivity of RTV-
655, a material of interest for this study, is reported by the manufacturer at room
temperature. The relative absolute difference between the measured and benchmark

thermal property value is determined with eg.e = @ * 100  (17), which was
ref

previously used to calculate the accuracy of the validation results. The resulting
percentage differences reported in the benchmarking study are not to be considered solely
with respect to the 5% accuracy of the measurement device because the singular
benchmark values reported are typically for a sample study. Unlike SS316, additional
margins of difference are expected for XPS, paraffin wax, and RTV-655 since the
properties for these materials can vary more from one sample to another due to subtle
differences in preparation and/or porosity.

The thermal conductivity of SS316 was measured and compared to the
benchmark thermal conductivities of SS316 available at 313K, 295K, 253K, and 85K

[21]. The results, recorded in Table 15, demonstrate SS316 thermal conductivity
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consistently decreases as temperature decreases. The average percent difference between

measured and documented thermal conductivity at 313K, 295K, 253K, and 85K are

3.0%, 1.0%, 2.9%, and 6.3%, respectively. Discussions with the manufacturer indicate

that the instrument should still be able to reliably measure thermal conductivity outside of

the recommended temperature range, however, the average measurement error may

exceed the 5% accuracy rating. The 6.3% relative absolute difference between the

measured and benchmark thermal conductivity of SS316 at 85K supports the

manufacturer’s conclusion based on published data for SS316. The average thermal

conductivity of SS316 and reference values are plotted for each temperature in Figure 22.

Table 15: Thermal conductivity benchmark measurement results for Stainless Steel 316

Temperature Number of Average k | Benchmark Eglsifhvti
P Measurements | Measured k | RSD k )

Difference

[K] [#] [WmiK1] | [%] | [WmtK] [%0]

313 14 14.101 + 0.055 | 0.4% 13.67 3.2%

295 10 13.482 + 0.029 | 0.2% 13.35 1.0%

253 5 12.929 + 0.018 | 0.1% 12.57 2.9%

85 10 8.317 £ 0.025 | 0.3% 7.83 6.3%
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Figure 22: Temperature dependence of Stainless Steel 316 thermal conductivity.

As described in Section 2.1.2., thermal conductivity measurements also provide a
measured thermal diffusivity and a calculated volumetric specific heat. Thermal
conductivity results for measured thermal diffusivity and calculated volumetric specific
heat suffice for homogeneous materials because the calculation assumes the sample has
constant density throughout. Since the TPS method is inherently directional when a
sample is probed, ThermTest recommends measuring volumetric specific heat
exclusively for heterogeneous materials rather than relying on the calculated volumetric
specific heat. Discerning the behavior of all the measurement results for homogeneous
materials is important before measuring heterogeneous samples of the combination of
RTV-655 and polyimide aerogel at varying volume ratios. The average measured thermal
diffusivity and relative standard deviation, RSD, of the SS316 measurements are listed in
Table 16. Thermal diffusivity of SS316 decreases from 313K to 295K followed by a
constant increase until its maximum value of 4.74 mm?s at 85K. The RSD is higher for

thermal diffusivity than for thermal conductivity of SS316 at each temperature. The
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higher RSD reported for the thermal diffusivity measurements when compared to the
thermal conductivity measurements confirms the TPS method results in less uncertainty

in measuring thermal conductivity of a material.

Table 16: Thermal diffusivity benchmark measurement results for Stainless Steel 316

Number of Average
Temperature Measurements | Measured ¢ | ¢ RSD
[K] [#] [mm?s] [%0]
313 14 3.594+£0.026 | 0.7%
295 10 3.060 £0.007 | 0.2%
253 5 3.565+0.042 | 1.2%
85 10 4,744 + 0.067 1.4%

The volumetric specific heat of SS316 is calculated within the software by
dividing the measured thermal conductivity by the measured thermal diffusivity for each
temperature. The calculated volumetric specific heat, pC, is provided for SS316 in Table
17. The calculated volumetric specific heat of stainless steel 316 increases from 3.923
MJIm=3K? at 313K to a value of 4.405 MIm=K* at 295K followed by a decrease in value

until the calculated volumetric specific heat of 1.753 MIm=3K* at 85K.

Table 17: Volumetric specific heat benchmark measurement results for SS316

Temperature Number of Average pC
P Measurements | calculated pC | RSD

[K] [#] [MIM3KT] | [%]
313 14 3.923+0.016 | 0.4%
295 10 4.405 +0.007 | 0.2%
253 5 3.627£0.048 | 1.3%
85 10 1.753+£0.022 | 1.3%
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Extruded polystyrene foam, XPS, is a well-characterized insulation with
published thermal conductivity from the National Institute of Standards and Testing [26]
for temperatures between 4K and 300K [26]. Thermal conductivity is also available as a
linear function of temperature for an XPS density of 32.0 kgm, which was used to
calculate the benchmark values at 295K, and 253K [27]. The NIST value was used to
calibrate the TPS 1500 at 85K explained in detail within Section 2.4. The average
measured thermal conductivity of XPS at 295K, 253K, and 85K and relative absolute
difference from the benchmark values are shown in Table 18. The measured thermal
conductivity of XPS decreases with temperature from 29 mWm?K™ at 295K to 24
mWm K at 253K until 10 mMWm™K at 85K. The RSD of measured thermal
conductivity for XPS was below the uncertainty level of the TPS 1500 at 85K, 253K, and
295K. The relative absolute difference of thermal conductivity for XPS is also noticeably
higher at 253K than at the other temperatures. XPS thermal conductivity measurements at
85K resulted in a 2.1% difference from the benchmark value, XPS thermal conductivity
measurement results demonstrate the capability of the TPS 1500 to measure thermal
conductivity of low-density, high insulating materials within the specified temperature

range as well as below the minimum recommended temperature of 113K.
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Table 18: Thermal conductivity benchmark measurement results for XPS foam.

Temperature Number of Average k Benchmark Egls?)tlluvtz
Measurements | Measured k | RSD k Difference

[K] [#] Wm'KT | [%] | [Wm'KT] [%0]

295 11 0.029 + 0.000 | 0.0% 0.030 2.6%

253 10 0.024 £ 0.000 | 0.0% 0.026 5.2%

85 8 0.010 £ 0.000 | 0.0% 0.010 2.1%

The measured thermal diffusivity and calculated volumetric specific heat of XPS
at each measurement temperature were extracted simultaneously from the thermal
conductivity measurements. The average measured thermal diffusivity and RSD for XPS
at 295K, 253K, and 85K are shown in Table 19. The relative absolute difference for the

measured thermal diffusivity of XPS was calculated by dividing the benchmark value for
thermal conductivity by the benchmark value for volumetric specific heat using pC = g

(8). The average measured thermal diffusivity of XPS decreases from a value of
0.699 mm?s at 295K to 0.639 mm?s at 253K followed by an increase to 0.751 mm?s*
at 85K. The RSD of the measured thermal diffusivity at 253K is four times higher than at
295K. The relative absolute difference is above 10% for all temperatures, but the method
and measurements are still considered accurate for 253K and 295K based on the

validation results and specifications of the TPS 1500.
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Table 19: Thermal diffusivity benchmark measurement results for XPS foam.

Number of Average a | Benchmark Relative
Temperature Absolute
Measurements | Measured @ | RSD a .
Difference
[K] [#] [mm?s?] ) [%] | [mm?s] [%6]
295 11 0.699 + 0.009 | 1.2% 0.802 12.8%
253 10 0.639 £ 0.032 | 4.9% 0.789 19.0%
85 8 0.751 £ 0.007 | 0.9% 0.640 17.3%

The average calculated volumetric specific heat and RSD values for XPS at 295K,

253K, and 85K are listed in Table 20. The benchmark volumetric specific heat shown in

Table 20 is for an XPS density of 32.0 kgm™, obtained from NIST, similar to the

measured XPS density of 30.4 kgm™ [26]. The average calculated volumetric specific

heat of XPS decreases as temperature decreases with values of 0.042, 0.038, and 0.013

MJIm=3K? at 295K, 253K, and 85K respectively. The RSD of calculated volumetric

specific heat at 253K is over two times the RSD of calculated volumetric specific heat at

295K and 85K. Altogether, the variation in RSD for measured thermal conductivity,

thermal diffusivity, and calculated volumetric specific heat between 85K, 253K, and

295K is comparable. The relative absolute difference for calculated volumetric specific
heat is higher than 10% at all temperatures. Nevertheless, as mentioned in Section 2.2.1,
XPS is known to have variations in material properties such as density and porosity
depending on the preparation, which can result in larger variations between the measured

thermal properties and the thermal properties available in the literature.
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Table 20: Volumetric specific heat benchmark measurement results for XPS foam.

Relative
Temperature Number of Average pC | Benchmark Absolute
Measurements | Calculated pC | RSD pC .
Difference

[K] [#] [MIM3KT] | [%] | [MIMPKT] [%0]
295 11 0.042 £0.000 | 1.1% 0.037 12%
253 10 0.038 +£0.001 | 3.2% 0.032 17%
85 8 0.013+0.000 | 1.2% 0.016 13%

Volumetric specific heat was measured independently for XPS at 85K, 253K, and

295K using the setup described in Section 2.1.3. The measured volumetric specific heat

results for XPS are compared to the average calculated volumetric specific heat and the

benchmark volumetric specific heat for each temperature in Table 21. T The measured

volumetric specific heat for XPS is 0.030 MIm3K! at 295K then decreases by over 50%

to 0.014 MIm3K* at 85K. The RSD for measured volumetric specific heat of XPS is

higher than RSD for the calculated volumetric specific heat of XPS at 85K and 295K.

The relative absolute differences for the average measured volumetric specific heat of

XPS is comparable to the relative absolute difference for the average calculated

volumetric specific heat of XPS at 85K and 295K. The measured volumetric specific heat

at 295K has a large sample deviation that discouraged any further measurements at a

neighboring temperature. As a result, volumetric specific heat was not measured at 253K.

The measured volumetric specific heat at 85K produced an RSD and relative absolute

difference lower than room temperature measurements. A potential cause for the lower

measurement statistics at 85K could be the temperature stability due to the constant phase

change of the liquid nitrogen as it vaporizes.
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Table 21: Measured volumetric specific heat benchmark results for XPS.

Type of pC Number of C Relative
Temperature ylgesul'f Measurements rC R{)SD IZ))Ai\E‘Z(;Ieuntc?e

[K] [#] [MIm=K™] | [%] [%6]
Benchmark Not Available 0.037 - -

295 Measured 10 0.030 £0.004 | 12% 19%
Calculated 11 0.042 £ 0.000 | 0.0% 12%
Benchmark Not Available 0.015 - -

85 Measured 8 0.014 £0.001 | 3.8% 12%
Calculated 8 0.013+£0.000 | 0.0% 13%

Paraffin wax was used as a benchmark for thermal conductivity measurements

because paraffin wax has a thermal conductivity value of 0.25 Wm™K-! at room

temperature [24]. The thermal conductivity of paraffin wax is comparable to the

manufacturer’s value for the thermal conductivity of RTV-655 at room temperature, 0.17

WmK-1, The benchmark thermal conductivity measurements of paraffin wax were

limited to the temperature of 295K due to the absence of published paraffin wax thermal

conductivity values at different temperatures. The average measured thermal conductivity

of paraffin wax at 295K is 0.260 Wm™*K™ with an RSD of 1.1% listed in Table 22. The

relative absolute difference for the average measured thermal conductivity of paraffin

wax at 295K is 4.2% when compared to the benchmark thermal conductivity value.
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Table 22: Thermal conductivity benchmark results using paraffin wax at 295K.

Temperature Number of Average k Benchmark Egls?)tlluvtz
P Measurements | Measured k | RSD k )
Difference
[K] [#] [WmiK?] | [%] | [Wm'K?] [%0]
295 18 0.260 +£0.003 | 1.1% 0.250 4.2%

The measured thermal diffusivity for paraffin wax at 295K was obtained from the

thermal conductivity results. The average measured thermal diffusivity of paraffin wax at

295K is 0.119 mm?s™ with an RSD of 0.6% listed in Table 23. The average measured

thermal diffusivity of paraffin wax at 295K is an order of magnitude higher than the

average measured thermal diffusivity of XPS at 295K and an order of magnitude lower

than the average measured thermal diffusivity of SS316 at 295K. The average measured

thermal diffusivity resulted in a relative absolute difference of 7.4% when compared to

the benchmark thermal diffusivity at 295K.

Table 23: Thermal diffusivity benchmark measurement results for paraffin wax at 295K.

Number of Average a Benchmark Relative
Temperature Absolute
Measurements | Measured o | RSD a .
Difference
[K] [#] [mm?s] [%] | [mm?s?] [%6]
295 18 0.119 £ 0.004 | 0.6% 0.111 7.4%

The average calculated volumetric specific heat of paraffin wax at 295K was

obtained from the thermal conductivity results and compared to the benchmark value for

volumetric specific heat of paraffin wax at room temperature. The volumetric specific
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heat benchmark value was obtained from a documented measurement of paraffin wax

volumetric specific heat using the TPS method available in Th [23]. The average

calculated volumetric specific heat of paraffin wax is 2.184 MIm=K* at 295K with an

RSD of 2.7% as shown in Table 24. The average calculated volumetric specific heat

resulted in a relative absolute difference of 2.9% when compared to the benchmark value.

Table 24: Calculated volumetric specific heat benchmark results for paraffin wax at

295K.
Relative
Temperature Number of Average »C RSD Benchmark Absolute
Measurements | Calculated pC pC .
Difference
[K] [#] [MIm3K] [90] [MIm3K-1] [9%6]
295 18 2.184 + 0.059 2.7% 2.250 2.9%

Paraffin wax was also used to benchmark the volumetric specific heat

measurement setup and method. The average measured, average calculated, and

benchmark volumetric specific heats are listed for comparison in Table 25. The average

measured volumetric specific heat of paraffin wax at 295K is 2.254 MIm=3K-* with an

RSD of 1.7%. The average measured volumetric specific heat of paraffin wax at 295K

produces a 0.2% relative absolute difference when compared to the benchmark value.

The RSD and relative absolute difference are lower in the measured volumetric specific

heat results are lower than the calculated volumetric specific heat results. The paraffin

wax study illustrates that the experiment uncertainty can be reduced for homogeneous

materials by measuring the volumetric specific heat directly, rather than relying on the

software calculation for the volumetric specific heat.
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Table 25: Measured volumetric specific heat benchmark results for paraffin wax at 295K.

Relative
Temperature | DRECEC | orements | PC | fsp | Absolute
Difference
[K] [#] [MIm®K1] | [%] [%6]
Benchmark Not Available 2.250 - -
295 Measured 11 2.254+0.039 | 1.7% 0.2%
Calculated 18 2.184+0.059 | 2.7% 2.9%

The thermal conductivity of RTV-655 is published by the manufacturer to be 0.17

WmK-!at room temperature. Therefore, RTV-655 was used as a fourth benchmark for

thermal conductivity measurements at 295K. The average measured thermal conductivity

for RTV-655 at 295K is 0.167 Wm™K™ with an RSD below the uncertainty of the

machine as shown in Table 26. The average measured thermal conductivity of RTV-655

at 295K produces a relative absolute difference of 1.7% when compared to the

benchmark thermal conductivity of RTV-655 at 295K. The benchmark results

demonstrate the TPS 1500 can measure thermal conductivity of one material of interest,

RTV-655.

Table 26: Thermal conductivity validation results using RTV-655 at 295K.

Temperature Number of Average k Benchmark ARSIS?)JHJV;
P Measurements | Measured k | RSD k )
Difference
[K] [#] [WmiK] | [%] | [Wm'K?] [%0]
295 10 0.167 £ 0.000 | 0.0% 0.170 1.7%
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The average measured thermal diffusivity of RTV-655 at 295K, obtained from the
thermal conductivity measurement results, is shown in Table 27. The average measured

thermal diffusivity of RTV-655 at 295K is 0.108 mm?s, which is close in magnitude to

the average measured thermal diffusivity of paraffin wax at 295K, 0.119 mm?s™. The

average measured thermal diffusivity of RTV-655 at 295 produces a relative absolute

difference of 3.2% when compared to the benchmark thermal diffusivity.

Table 27: Measured thermal diffusivity for RTV-655 at 295K.

Relative
Temperature IVINumber of Average % RSD Benchmark Absolute
easurements | Measured o a .
Difference
[K] [#] [mm?Zs] [%0] [mm?Zs] [%0]
295 10 0.108 £0.001 | 0.7% 0.112 3.2%

The calculated volumetric specific heat results for RTV-655 at 295K, obtained
from the thermal conductivity measurement results, are shown in Table 28. The average
calculated volumetric specific heat for RTV-655 at 295K is 1.541 MJm>K* with an RSD
of 0.5%. The benchmark value for volumetric specific heat of RTV-655 at 295K was
calculated multiplying the manufacturer’s documented density of RTV-655, 1040 kgm3,
by the manufacturer’s documented specific heat, 1460 Jkg*K™, producing a volumetric
specific heat value of 1.518 MJm3K™. The average calculated volumetric specific heat
for RTV-655 at 295K produces a relative absolute difference of 1.5% when compared to

the benchmark value.
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Table 28: Calculated volumetric specific heat benchmark results for RTV-655 at 295K.

Number of Average Benchmark Relative
Temperature Calculated | pCRSD Absolute
Measurements pC .
pC Difference
K] [#] [MIm3K1] [90] [MJIm-3K-1] [90]
295 10 1.541 +0.007 | 0.5% 1.518 1.5%

RTV-655 was the third and last material measured to benchmark the volumetric

specific heat measurement method. The average measured volumetric specific heat of

RTV-655 at 295K is 1.513 MIm=K* with an RSD of 0.8%. The average measured,

average calculated, and benchmark volumetric specific heat values are listed for

comparison in Table 29. The average measured volumetric specific heat results produce a

relative absolute difference of 0.4% when compared to the benchmark volumetric

specific heat, which is 1.1% lower than the relative absolute difference for the average

calculated volumetric specific heat of 1.5%. On the other hand, the RSD of volumetric

specific heat decreases from 0.8% for the measured volumetric specific heat to 0.5% for

the calculated volumetric specific heat.

Table 29: Measured volumetric specific heat benchmark results for RTV-655 at 295K.

Relative
Type of pC Number of pC
Temperature Result Measurements pC RSD Absolute
Difference

[K] [#] [MImM=3K-] [%0] [%0]
Benchmark Not Available 1.518 - -

295 Measured 11 1.513+0.012| 0.8% 0.4%
Calculated 10 1.541 +0.007 | 0.5% 1.5%
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In summary, the measurement method was validated for accuracy and precision
using SS316 and XPS as the reference materials described in detail within Section 3.1.1.
Thermal conductivity and volumetric specific heat measurements were also benchmarked
against thermal conductivity and volumetric specific heat values available in the
literature. The validation and benchmark results demonstrate the uncertainties of the
measured thermal conductivities are typically lower than the uncertainties of both the
measured thermal diffusivity and calculated volumetric specific heat. The volumetric
specific heat measurement was not validated for accuracy and precision due to the lack of
reference material with standard volumetric specific heat measurement values for the
exact samples being measured for validation. Overall, the benchmark results support the
continued use of the TPS 1500 to measure thermal conductivity and volumetric specific

heat of RTV-655 and polyimide compound materials for and under varying temperatures.

3.2 Thermal Properties of an RTV-655/Polyimide Aerogel Compound

Thermal conductivity, volumetric specific heat, and thermal diffusivity were
measured or calculated for the focus materials RTV-655, polyimide aerogel, and three
different volume ratios of the RTV-655/polyimide aerogel compound at 313K, 295K,
253K, and 85K. RTV-655 is a silicone rubber with elastomeric properties and a low
thermal conductivity; polyimide aerogel is a foam with microscopic pores giving the
aerogel a low density and low thermal conductivity. The polyimide aerogel used for this
study is in the form of thin flexible sheets which can be embedded in the walls of a
cylindrical tank with hemispherical ends made of RTV-655. The thermal properties of

three varying volume ratios were measured to determine how the amount of polyimide

76



aerogel within a multi-layer RTV-655/polyimide aerogel compound affects the thermal
performance of the compound. Since the thermal properties are functions of temperature,
it is necessary to measure the thermal properties at or near the operating temperatures of
the application of interest. Correspondingly, thermal properties of the RTV-
655/polyimide aerogel compound were measured at 85K to facilitate future assessment of
the compound for low temperature applications, such as cryogenic liquid storage. The
thermal properties were measured at 313K, 295K, and 253K for comparative purposes
and may also be useful for other applications which may benefit from the use of an RTV-

655/polyimide aerogel compound.

3.2.1  Thermal Properties at 313 Kelvin

Thermal conductivity of RTV-655, polyimide aerogel, and three volume ratios of
the RTV-655/polyimide aerogel compound were measured at 313K with the results
documented in Table 30. Neither the RTV-655 nor the polyimide aerogel have thermal
property reference values at 313K. The three volume ratios of the RTV-655/polyimide
aerogel compound are identified as VR20, VR34, VR56 such that the letters VR mean
volume ratio and the numbers represent the targeted volume ratios of 17%, 34%, and
51%. The TPS 1500 manufacturer recommends obtaining a similar probing depth in
measurements of different volume ratios of the compound [31]. First, the thermal
conductivity of RTV-655 and polyimide aerogel were measured separately, at every
temperature to identify the limits for thermal conductivity of the compound material
before measuring the compound material. Thermal conductivity of VR0.0 (RTV-655)
was measured 11 times, yielding an average thermal conductivity of 0.163 mWmK?

about 5% less than the RTV-655 manufacturer’s value with an extremely low relative
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standard deviation of 0.1%. The average thermal conductivity of the polyimide aerogel
sheets is 45.2 mWm™K, over 70% less than the average measured thermal conductivity
of RTV-655. The polyimide aerogel results also demonstrated a repeatability of 0.2%.
Polyimide aerogel thermal conductivity was also measured in previous work using the
TPS method with a mean result of 39.7 mWm™K™ [14]. Thermal conductivity of the
compound samples steadily declines as volume ratio increases with mean values of 0.131,
0.083, and 0.054 mWm™K for VR20, VR34, and VR56, respectively. The uncertainty
for all three volume ratios is 0.3% or less. Figure 23 depicts thermal conductivity for each

volume ratio.

Table 30: Thermal conductivity for the compound material measured at 313K.

. Number of Average

Material Measurements Measurgd k kRSD
[#] [WmtK?] [%0]
VRO0.0 (RTV-655) 11 0.163 + 0.000 0%
VR20 10 0.131 + 0.000 0%
VR34 11 0.083 + 0.000 0%
VR56 11 0.054 + 0.000 0%
VR1.0 (PI) 11 0.045 + 0.000 0%
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Figure 23: Thermal conductivity of the compound material at 313K.

As mentioned in the validation results, thermal conductivity and thermal
diffusivity of a material are measured simultaneously, which are subsequently used to
calculate volumetric specific heat. Thermal diffusivity results for the RTV-655/polyimide
aerogel compound at 313K, are presented in Table 31. Unlike the behavior of thermal
conductivity as the volume ratio increases, thermal diffusivity decreases from RTV-655
to VR20 then increases to a thermal diffusivity of 0.33 mm?s™ for polyimide aerogel. The
relative standard deviation of thermal diffusivity at 313K is higher than that of thermal
conductivity at 313K, but the measurement uncertainty in terms of the relative standard
deviation is below 2%. The thermal diffusivity in terms of volume ratio is depicted in

Figure 24,
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Table 31: Thermal diffusivity for the compound material at 313K.

. Number of Average
Material Measurements | Measured a a RSD
[#] [mm?Zs] [%0]
VRO0.0 (RTV-655) 11 0.104 + 0.000 0.0%
VR20 10 0.066 + 0.001 1.3%
VR34 11 0.077 £ 0.001 1.1%
VR56 11 0.137 £ 0.002 1.7%
VR1.0 (PI) 11 0.330 + 0.005 1.6%
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Figure 24: Thermal diffusivity of the compound material at 313K.
The average calculated volumetric specific heat at 313K is listed in Table 32 for
all volume ratios. The average calculated volumetric specific heat for RTV-655 of 1.57
MJIm=3K increases to 1.98 MIm3K* for VR20 followed by a steady decline as volume
ratio increases to a value of 0.14 MJm=K! for polyimide aerogel. The uncertainty of the

results for all materials is 2% or less.
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Table 32: Volumetric specifc heat for the compound 313K

Average
Material Number of Calculated Calculated
Measurements »C pC RSD
[#] [MIMK-] [%0]
VRO0.0 (RTV-655) 11 1.572 £ 0.007 0.5%
VR20 10 1.975 £ 0.024 1.2%
VR34 11 1.071 £0.013 1.2%
VR56 11 0.396 + 0.008 2.0%
VR1.0 (PI) 11 0.137 £ 0.002 1.5%

Volumetric specific heat was measured separately for RTV-655, polyimide
aerogel, and the three volume ratios of the compound at 313K. RTV-655 was measured
first and resulted in a mean value of 1.531 MJm=K, higher than the room temperature
reference value. As shown in Table 33, the average measured volumetric specific heat
decreases as volume ratio increases. The uncertainty of the measurements at 313K was
lower than the uncertainty at other temperatures and is likely due to the ability of the
environmental chamber heating mode to maintain a constant ambient temperature. A
comparison between the measured and volumetric specific heat, is shown in Figure 25.
Despite the differences between the volume ratios used for the calculated and measured
volumetric specific heat measurements, it can inferred from Figure 25 that the measured
volumetric specific heat values for the heterogeneous materials, (0>VR>1), are
significantly different from the calculated volumetric specific heat values when compared
to the differences for the homogeneous materials, RTV-655 (VR=0), and polyimide

aerogel (VR=1).
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Table 33: Measured volumetric specific heat of the compound material at 313K.

Material Number of Average Measured
Measurements Measured pC pC RSD
[#] [MIMK-] [%0]
VRO0.0 (RTV-655) 10 1.671 + 0.005 0.3%
VR20 10 1.531 +0.012 0.8%
VR47 10 1.267 + 0.004 0.3%
VR71 10 1.106 + 0.009 0.8%
VR1.0 (PI) 11 0.253 £ 0.004 1.6%
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Figure 25: Comparison of measured and calculated volumetric specific heat at 313K.

3.2.2

Thermal Properties at 295 Kelvin

Thermal conductivity for RTV-655, polyimide aerogel sheets and three volume

ratios of the RTV-655/polyimide aerogel compound were measured at 295K. The average

measured thermal conductivity and average sample standard deviation for each volume
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ratio of the compound material at 295K are shown in Table 34. The average measured
thermal conductivity of RTV-655 is 0.167 Wm™K™, 1.7% lower than the manufacturer’s
value of 0.17 Wm™K™. The polyimide aerogel has an average measured thermal
conductivity of 48.4 mWm™K. The average measured thermal conductivities for the
three volume ratios decreased as volume ratio increased with values of 0.122, 0.082, and
0.053 WmK* for VR20, VR34, and VR56, respectively. The average measured thermal

conductivity at varying volume ratios is clearly depicted in Figure 26.

Table 34: Thermal Conductivity for the compound material at 295K.

Material Number of Average k
Measurements | Measured k | RSD
[#] [WmiK1] | [%]
VRO0.0 (RTV-655) 10 0.167 £0.001 | 0.3%
VR20 10 0.122 £ 0.002 | 1.4%
VR34 10 0.082 +0.000 | 0.0%
VR56 10 0.053 +0.000 | 0.0%
VR1.0 (PI) 10 0.048 +0.001 | 1.7%

83



0.170

o o o
= = =
= w a1
o o o

0.090

0.070

o
o
a1
o

Thermal Conductivity [Wm-1K-1]

0.030
0.000 0.200 0.400 0.600 0.800 1.000

\Volume Ratio
Figure 26: Thermal conductivity of the compound material at 295K.

Thermal diffusivity measurements, which were obtained from the thermal
conductivity measurements of the compound at 295K, are presented in Table 35. The
variation in the average measured thermal diffusivity for different volume ratios at 295K
is comparable to the variation observed at 313K. The average measured thermal
diffusivity decreases from RTV-655 to VR34, and then increases to polyimide aerogel.
Figure 27 depicts the average measured thermal diffusivity of the RTV-655/polyimide
aerogel as volume ratio changes at 295K. The relative standard deviation for measured

thermal diffusivity for VR20 was highest at 10% as compared to the other volume ratios.
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Table 35: Thermal diffusivity for all materials measured at 295K.

. Number of Average
Material Measurements | Measured a a RSD
[#] [mm?s!] [%0]
VRO0.0 (RTV-655) 10 0.108 + 0.001 0.7%
VR20 10 0.080 + 0.008 10.0%
VR34 10 0.078 £ 0.001 0.8%
VR56 10 0.129 + 0.005 4.1%
VR1.0 (PI) 10 0.293 +0.017 5.7%
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Figure 27: Thermal diffusivity for varying volume ratios of the compound material at

295K.

Volumetric specific heat was calculated from the measured thermal conductivity

and thermal diffusivity of the compound at 295K and the results are listed in Table 36.

The difference in the average calculated volumetric specific heat at 295K is statistically

insignificant between RTV-655 and VR20. For volume ratios greater than VR20, the

average calculated volumetric specific heat decreases as volume ratio increases. The
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average calculated volumetric specific heat for varying volume ratios is shown in Figure

28 Error! Reference source not found.at 295K.
Table 36: Calculated volumetric specific heat for the compound at 295K.
Material Number of Average Calculated
Measurements | Calculated pC | pC RSD
[#] [MIm=K-] [%6]
VRO0.0 (RTV-655) 10 1.541 £ 0.007 0.5%
VR20 10 1.537 +0.143 9.3%
VR34 10 1.055 + 0.011 1.0%
VR56 10 0.413 £ 0.015 3.6%
VR1.0 (PI) 10 0.166 + 0.007 4.1%
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Figure 28: Calculated volumetric specific heat for the RTV-655/polyimide aerogel
compoundat 295K.

Volumetric specific heat at 295K was measured for RTV-655, polyimide aerogel,

and three volume ratios of the compound recorded in Table 37. The volumetric specific
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heat of RTV-655 was measured as a validation material at 295K as described in Section
3.1.1. The average measured volumetric specific heat for VR20, VR47, and VR71 are
1.494, 1.265, 1.096 MIm3K, respectively. The larger uncertainty values at 295K as
compared to the uncertainty values at 313K are likely attributable to the larger variations
in the ambient conditions. As mentioned in Section 2.3.2.2, the 295K experiments were
performed using the ambient conditions of the laboratory, as compared to the more
controlled temperature conditions attainable in the environmental chamber. Results of the
volumetric specific heat measurements at varying volume ratios at 295K are shown in
Table 37. Similar to measurements at 313K, larger differences in measured and
calculated volumetric specific heat values for the heterogeneous compound materials are
apparent when compared to the homogeneous RTV-655 and polyimide aerogel,

illustrated in Figure 29.

Table 37: Measured volumetric specific heat of the compound at 295K.

Material Number of Average Measured
Measurements Measured pC pCRSD

[#] [MIm3K1] [90]
VRO0.0 (RTV-655) 11 1.513 +0.012 0.8%
VR20 11 1.494 + 0.076 5.1%
VR34 11 1.265 + 0.068 5.4%
VR56 16 1.096 + 0.063 5.7%
VR1.0 (PI) 36 0.275 £ 0.022 7.9%
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Figure 29: Comparison of measured and calculated volumetric specific heat at 295K.

3.2.3 Thermal Properties at 253 Kelvin

Thermal conductivity for RTV-655, polyimide aerogel sheets and three volume
ratios of the RTV-655/polyimide aerogel compound were measured at 253K with the
results documented in Table 38. The average measured thermal conductivity of RTV-655
is 0.168 WmK™ at 253K, 1 mWm™K™ higher than the average measured thermal
conductivity of RTV-655 at 295K. The average measured thermal conductivity of the
polyimide aerogel sheets is 36.0 mWm™K* at 253K, a decrease of 34% from the average
measured thermal conductivity of the polyimide aerogel sheets at 295K. The average
measured thermal conductivities for the three volume ratios decreased as volume ratio
increased with values of 0.108, 0.073, and 0.049 Wm™K* for VR20, VR34, and VR56,
respectively. The measured sample standard deviations for the 253K measurements is at
least one order of magnitude higher than most measurements at different temperatures.

Figure 30. shows the average measured thermal conductivity along with vertical sample
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standard deviation bars for each volume ratio at 253K. The increased measured sample
standard deviation at 253K area result of the variability in ambient conditions within the

chest freezer described in Section 2.3.1.3.

Table 38: Average measured thermal conductivity for the compound at 253K.

Material Number of Average k
Measurements | Measured k | RSD
[#] [Wm'K?'] | [%]
VRO0.0 (RTV-655) 11 0.168 +0.005 | 3.0%
VR20 9 0.108 +£0.005 | 4.5%
VR34 10 0.073 +£0.006 | 7.9%
VR56 14 0.049 +0.003 | 7.0%
VR1.0 (PI) 17 0.036 £0.000 | 1.1%
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Figure 30: Measured thermal conductivity for varying volume ratios the compound at
253K.

89



Thermal diffusivity was obtained from the thermal conductivity measurements at
253K, listed in Table 39. The variation in the average measured thermal diffusivity for
different volume ratios at 253K is comparable to the variation observed at 295K and
313K. The average measured thermal diffusivity decreases from RTV-655 to VR20, and
then increases to polyimide aerogel. Figure 31 illustrates the average measured thermal
diffusivity of the RTV-655/polyimide aerogel as volume ratio changes at 253K. The
relative standard deviation for the thermal diffusivity measurements at 253K is the
highest for VR20 and VR34 at 33.6% and 32.7%, respectively, compared to the other
volume ratios. Figure 31 illustrates the variation in the measured thermal diffusivity for

varying volume ratios of the RTV-655/polyimide aerogel compound at 253K.

Table 39: Thermal diffusivity of the compound material at 253K.

. Number of Average

Material Measurements Measuréqd a | ¢ RSD
[#] [mm?s] [%0]
VRO0.0 (RTV-655) 11 0.117 +0.023 19%
VR20 9 0.031 +0.011 34%
VR34 10 0.083 + 0.027 33%
VR56 14 0.105 +0.015 14%
VR1.0 (PI) 17 0.311 +0.016 5%

90



0.350

0300 ]
‘€ 0.250
£
>
£ 0.200
4
£ 0.150
- [
© T
£ 0.100 | I ?
2
= |

0.050 X

0.000

0.000 0.200 0.400 0.600 0.800 1.000
\Volume Ratio

Figure 31: Thermal diffusivity of the compound material at 253K.

Volumetric specific heat was calculated from the measured thermal conductivity
and thermal diffusivity of the compound at 253K and the results are recorded in Table 40.
The variation in the average calculated volumetric specific heat at 253K is similar to
variations observed at 295K and 313K. The average calculated volumetric specific heat
values increases from RTV-655 to VR20 followed by a decrease to the value for the
polyimide aerogel sheets. The relative standard deviation of the calculated volumetric
specific heat is the highest for VR20 and VR34, which agrees with the measured thermal

conductivity and measured thermal diffusivity results.
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Table 40: Volumetric specific heat for the compound at 253K.

Average
Material MNumber of Calculagced Calculated
easurements »C pC RSD
[#] [MIm=K-] [%6]
VRO0.0 (RTV-655) 11 1.477 £ 0.253 17%
VR20 9 3.793+£1.110 29%
VR34 10 0.933 £ 0.233 25%
VR56 14 0.477 £ 0.047 9.9%
VR1.0 (PI) 17 0.116 = 0.005 4.5%

Volumetric specific heat at 253K was measured for RTV-655, polyimide aerogel,
and three volume ratios of the compound with the results shown in Table 41. RTV-655
was the first material measured resulting in an average value of 1.477 MIm3K™, lower
than the average measured volumetric specific heat at 295K. The average measured
volumetric specific heat for the three volume ratios decreases as volume ratio increases.
The relative standard deviation is the lowest for RTV-655, but the relative standard
deviation of the polyimide aerogel measurements is an order of magnitude higher than
RTV-655 and the three volume ratios. A comparison of measured and calculated
volumetric specific heat at 253K is shown in Figure 32. As observed at 313K and 293K,
larger differences in measured and calculated volumetric specific heat values for the
heterogeneous compound materials (0>VR>1) are apparent when compared to the

homogeneous RTV-655 (VR=0) and polyimide aerogel (VR=1).
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Table 41: Measured volumetric specific heat of the compound at 253K.

Material Number of Average Measured
Measurements Measured pC pC RSD
[#] [MIm3K-] [%6]
VRO0.0 (RTV-655) 7 1.477 £ 0.003 0.2%
VR20 6 1.444 £ 0.107 7.4%
VR47 6 1.190 £ 0.089 7.5%
VR71 5 1.000 £ 0.073 7.3%
VR1.0 (PI) 12 0.258 = 0.052 20.2%
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Figure 32: lllustration of the compound material volumetric specific heat changes with
volume ratio.

3.2.4  Thermal Properties at 85 Kelvin

Thermal conductivity for RTV-655, polyimide aerogel sheets and three volume

ratios of the RTV-655/polyimide aerogel compound were measured at 85K. XPS

insulation and its reference thermal conductivity at 85K were used to calibrate the TCR
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value of 0.014373 K1, which was described in Section 2.4. The average measured
thermal conductivity for RTV-655, polyimide aerogel, and the three volume ratios are
25% lower at 85K from 295K. The variation of the average measured thermal
conductivity of the RTV-655/polyimide aerogel compound material is comparable to that
at 253K, 295K, and 313K. The average measured thermal conductivities for the three
volume ratios at 85K decreased as volume ratio increased with values of 0.091, 0.065,
and 0.029 Wm™K* for VR20, VR34, and VR56, respectively. The average measured

thermal conductivity and the sample standard deviation at varying volume ratios is shown

in Figure 33.
Table 42: Thermal conductivity for the compound at 85K.
Material Number of Average k
Measurements | Measured k | RSD
[#] [Wm™K*] | [%]
VRO0.0 (RTV-655) 25 0.113+0.003 | 2.8%
VR20 17 0.091+£0.001 | 1.0%
VR34 17 0.065 £ 0.004 | 5.5%
VR56 26 0.029 £ 0.000 | 0.0%
VR1.0 (PI) 40 0.014 £0.001 | 9.4%
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Figure 33. Thermal conductivity of the compound at 85K.

Thermal diffusivity measurements, which were obtained from the thermal
conductivity measurements of the compound at 295K, are presented in Table 43. The
variation in the average measured thermal diffusivity for different volume ratios at 85K is
comparable to the variations observed at 253K, 295K, and 313K. The average measured
thermal diffusivity decreases in value from RTV-655 to VR20, and then increases to the
value for to polyimide aerogel. Figure 34: Thermal diffusivity of the compound at 85K..
depicts the average measured thermal diffusivity of the RTV-655/polyimide aerogel as
volume ratio changes at 85K. The relative standard deviation for measured thermal
diffusivity for VR56 and the polyimide aerogel sheets are the highest at 32.5% and

33.2%, respectively, as compared to the other volume ratios.
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Table 43: Thermal diffusivity for the compound at 85K.

. Number of Average
Material Measurements | Measured a a RSD
[#] [mm?s!] [%0]
VRO0.0 (RTV-655) 25 0.386 + 0.013 3.5%
VR20 17 0.061 + 0.006 10.0%
VR34 17 0.062 + 0.009 14.8%
VR56 26 0.141 +0.046 | 32.5%
VR1.0 (PI) 40 0.067 £0.022 | 33.2%
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Figure 34: Thermal diffusivity of the compound at 85K.

Volumetric specific heat was calculated from the measured thermal conductivity
and measured thermal diffusivity results for the RTV-655/polyimide aerogel compound
at 85K, with the results recorded in Table 44. The average calculated volumetric specific
heat at 85K increases in value from RTV-655 to VR20 followed by a decrease in value as

volume ratio increases to VR1.0.
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Table 44: Calculated volumetric specific heat at 85K.

Average
Material I\/lNumber of Calcula%ed Calculated
easurements »C pC RSD
[#] [MIm2K-] [%0]
VRO0.0 (RTV-655) 25 0.294 £ 0.018 6.1%
VR20 17 1.495 £ 0.149 9.9%
VR34 17 1.084 £0.244 23%
VR56 26 0.227 £ 0.079 35%
VR1.0 (PI) 40 0.234 £ 0.092 39%

Volumetric specific heat at 85K was measured for RTV-655, polyimide aerogel
sheets, and three volume ratios of the compound as shown in Table 45. The average
measured volumetric specific heat at 85K decreases in value from RTV-655 to VR34,
then increases in value at VR51, followed by a decrease to the measured volumetric
specific heat value of VR1. The relative standard deviation is higher for the less dense

materials. A comparison between measured and calculated volumetric specific heat at
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Figure 29. Again, larger differences in measured and calculated volumetric

specific heat values for the heterogeneous compound materials (0>VR>1) are apparent

when compared to the homogeneous RTV-655 (VR=0) and polyimide aerogel (VR=1).

Table 45: Measured volumetric specific heat of the compound at 85K.

Material Number of Average Measured
Measurements Measured pC pC RSD
[#] [MIm-3K1] [90]

VRO0.0 (RTV-655) 8 0.544 + 0.006 1.2%
VR20 10 0.450 + 0.026 5.7%
VR47 11 0.365 + 0.008 2.2%
VR71 8 0.464 +0.013 2.7%
VR1.0 (PI) 7 0.075 + 0.023 31.1%
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Figure 35: Measured volumetric specific heat of the compound at 85K.

3.2.5  Thermal Properties Under Varying Temperature and Varying VVolume Ratio

The figures presented in this section are a compilation of the results presented in
Sections 3.2.1 to 3.2.4. Thermal conductivity was measured at 85K, 253K, 295K, and

313K for RTV-655, polyimide aerogel, and three volume ratios of the compound shown

99

1.000



in Figure 36 and
0.175

0.160

0.145

e 85K
253K
295K
313K

o
-
w
o

0.115 3

o

o
[ERN
o
o

0.085

Thermal Conductivity [Wm1K1]
[

°o o9
o o
a X
o o

-

0.040
0.025 ¢

0.010 L4
0.000 0.200 0.400 0.600 0.800 1.000
Volume Ratio

Figure 37. RTV-655 exhibits the highest average thermal conductivity and
polyimide aerogel has the lowest average thermal conductivity. At each temperature
studied, the average thermal conductivity decreases as volume ratio increases. Generally,
the thermal conductivity measurements of the homogeneous materials have lower relative

standard deviations than the heterogeneous materials.
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Figure 36: Thermal conductivity for varying volume ratios at each temperature.
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Figure 37: Thermal conductivity for each temperature at varying volume ratios.

102



0.350

:
0.300 © 85K !
_ 253K |
(;; 0.250 205K
£ 313K
>0.200
>
£ 0.150
a [
= i
£ 0.100 | | '
2 2 }
|_
0.050 : ¢
1
0.000
0.000 0.200 0.400 0.600 0.800 1.000
Volume Ratio
Figure 38 and
0.400 ;
0.350 ® RTV-655
- VR17 T &
< 0.300 VR34 I L
E VR51 .
—0.250
2 P
>
% 0.200
oo |
0 0.150
— _
= J i .
% 0.100 * °
e 'l' —
- L J_ Q
0.050 I -
0.000
80 130 180 230 280 330

Temperature (K)
Figure 39 shows the variation in the average measured thermal diffusivity and
sample standard deviation for each temperature at varying volume ratios. The average

measured thermal diffusivity exhibits similar variability and is the lowest at VR17 and
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VR34 for each temperature. Also, the uncertainties for measured thermal diffusivity and
calculated volumetric specific heat are overall higher than the uncertainties observed for
measured thermal conductivity. The common variation in both measured thermal
diffusivity and calculated volumetric specific heat is due to the relationship between the
two properties and the dependency of calculated volumetric specific heat on the measured
thermal conductivity and measured thermal diffusivity, which are measured

simultaneously.
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Figure 38: Thermal diffusivity for varying volume ratios at each temperature.
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Figure 39: Thermal diffusivity for each temperature at varying volume ratios.
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Figure 40 and Figure 41 depict the average calculated volumetric specific heat
behavior for varying volume ratio at each temperature. The variation in the average
calculated volumetric specific heat is inverse to the variation in thermal diffusivity at
each temperature and volume ratio. Moreover, the sample uncertainties for each
measurement temperature and volume ratio is higher than thermal conductivity,

especially for the heterogeneous materials.
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Figure 40: Calculated volumetric specific heat for each temperature at each volume ratio.
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Figure 41: Calculated volumetric specific heat for each volume ratio at each temperature.
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Figure 43 show the average measured volumetric specific heat behavior for
varying volume ratio at each temperature. The variation in measured volumetric specific
heat is different from the variation in calculated volumetric specific heat. The average
measured volumetric specific heat steadily decreases as volume ratio increases for all
temperatures except 85K, where VR51 increases from VR34. Moreover, the uncertainties
for the measured volumetric specific heat are lower than the uncertainties for the

calculated volumetric specific heat with the exception of polyimide aerogel.
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CHAPTER 4.

SUMMARY AND CONCLUSION

4.1 Summary

Thermal conductivity and volumetric specific heat were measured for RTV-655,
polyimide aerogel, and three volume ratios of the compound material. The measurements
at 253K occurred within a freezer; measurements at 295K occurred in the open
environment of the lab; and measurements at 313K occurred in an environmental
chamber using the same sample holder for the three temperatures as well as both
measurement types. The samples were measured at 85K by immersing a low temperature
apparatus containing the measurement setup into liquid nitrogen. Validation
measurements were performed using two reference materials and measured properties at
295K: SS316 and XPS. Following the validation of the TPS 1500, benchmark
measurements were conducted using SS316, XPS, paraffin wax, and RTV-655. The
validation and benchmark measurements demonstrated the capability of the TPS 1500 to
measure the thermal conductivities ranging between 0.001 to 20 Wm™K* of materials
with densities ranging from 30 to 8000 kgm.

The materials of focus for this study, RTV-655 and polyimide aerogel, were
measured separately and at three different volume ratios. Thermal conductivity and
volumetric specific heat were only documented in literature for RTV-655 around 295K.
The sizes of the RTV-655 and compound samples were designed to satisfy the minimum
sample size constraints for the TPS 1500, but the sample sizes of the available polyimide
aerogel were below the recommended minimum sample size for the TPS 1500. As

mentioned in Section 2.2.2, the polyimide samples were synthesized by NASA [13].
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Thermal conductivity results contain the three properties of interest: thermal
conductivity, thermal diffusivity, and volumetric specific heat.

Thermal conductivity validation measurements from 253K to 313K are within the
rated accuracy of the machine and design specifications [33]. The temperature of 85K is
outside the TPS 1500’s designed temperature range, but the 85K measurements were
attempted based on the manufacturer’s recommendation by calibrating the sensor’s TCR
value using extruded polystyrene as the calibration material. The resulting TCR value
was used for all thermal conductivity and volumetric specific heat measurements at 85K.
At all temperatures, the average measured thermal conductivity decreases as volume ratio
increases from VR=0 (RTV-655) to VR=1 (polyimide aerogel). The average measured
thermal conductivity does not change significantly for the same material between 253K
and 313K, but the average measured thermal conductivity for all materials experienced a
significant decrease from 253K to 85K. The average measured thermal diffusivity does
not steadily decrease with temperature. The average calculated volumetric specific heat
decreases from 313K to 85K except for XPS and polyimide aerogel whose value
increased from 253K to 85K. The relationship between calculated volumetric specific
heat and volume ratio is consistent at each temperature measured. Specifically, as volume
ratio increases the calculated volumetric specific heat increases to the value measured at
VR20. Then, as volume ratio increases above VR20, the calculated volumetric specific
heat decreases to the value measured for polyimide aerogel. Overall, the thermal
conductivity results were accurate when compared to available reference data and the
measurements were repeatable as observed in the relatively low uncertainty values

determined at each temperature and volume ratio studied. However, as stated in Section
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2.1.1, the volumetric specific heat of heterogeneous compounds, such as the compound
RTV-655/polyimide aerogel samples, requires an independent, volumetric specific heat
measurement using a separate setup over the same temperatures. Reference materials
were not provided by the manufacturer for validation of the volumetric specific heat
setup and measurement. Thus, the volumetric specific heat of XPS, paraffin wax, and
RTV-655 was measured at 295K and benchmarked by comparing the measurements to
values reported in the literature. As stated in Section 2.1.3, the results for homogeneous
materials can be compared to the calculated volumetric specific heat results. Overall, the
benchmark volumetric specific heat measurements yielded low uncertainty values and
low relative absolute differences as compared to reference values found in the literature.
The volumetric specific heat measurements at 85K utilized the same TCR value obtained
from thermal conductivity measurements and yielded volumetric specific heat
measurements with lower relative standard deviations than at 253K and 295K. Measured
volumetric specific heat decreases as temperature decreases. Based on the uncertainties,
the measured volumetric specific heat values of the homogeneous materials (RTV-655
and polyimide aerogel) and heterogeneous compounds at each temperature are
statistically significant. The measured volumetric specific heat decreases as volume ratio
increases for all temperatures except 85K. At 85K, the change in measured volumetric
specific heat exhibits a subtle variation than that of the calculated volumetric specific
heat. The differences observed between measured and calculated volumetric specific heat
is in line with the recommendation provided by the manufacturer to measure volumetric

specific heat independently.
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4.2 Conclusions

The TPS method is most widely documented for its ability to measure thermal
conductivity, thermal diffusivity, and volumetric specific heat. The measured volumetric
specific heat setup is a derivative of the TPS capability to act as a heat source and a
thermocouple. The validation experiments and the relatively small experiment
uncertainties in the RTV-655, polyimide aerogel, and compound material results confirm
that the transient plane source method and experiment setup employed were accurate in
measuring the thermal conductivity. The larger uncertainties observed in the measured
volumetric specific heat are a result of the variability in experimental setup and
environment as discussed Section 3.2. Despite the larger uncertainty, a direct
measurement of the volumetric specific heat was the only viable alternative using the
TPS system to provide any useful volumetric specific heat data for the compound RTV-
655/polyimide materials.

The lower uncertainties reported for the measured thermal conductivity as
compared to the measured volumetric specific heat could be a result of several factors. To
begin with, thermal conductivity is obtained in a single measurement independent of any
other measurement, but measured volumetric specific heat is dependent on a reference
measurement. Any differences between the reference and sample measurement such as
temperature, contact between the cup and insulation, and the delamination of the sensor
from the cup will infer an error into the measured volumetric specific heat results. Also,
the volumetric specific heat measurement method does not have a clear-cut rule for
determining measurement time of a sample. The differences in measurement time affect

the measured volumetric specific heat results disproportionally, thus, making it difficult
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to assess the correct measurement time. The thermal settling time is provided as a guide
to estimate the measurement time. However, the thermal settling time is calculated using
the measured thermal diffusivity, which is known to be less accurate, as stated in Section
2.1.1. Another source of uncertainty is determining the correct power increase from the
reference to the sample measurement. The power increase should be optimized to
equivocate the temperature increase in the sample measurement to the temperature
increase in the reference measurement. Optimization of the power increase is challenging
due to fluctuations in the sample environment, which cause variations in the temperature
increase. Subsequently, the optimal power is variable and must be determined for each
measurement. The difficulty in equivocating the temperature increase between the sample
and reference measurements culminates in larger uncertainties for the measured
volumetric specific heat results. Lastly, the TPS method for measuring volumetric
specific heat is for measuring low density materials, such as XPS and polyimide aerogel.
Since the amount of material that can be measured is restricted by the small fixed volume
of the cup, the mass of the low-density materials in this study is an order of magnitude
smaller than the amount of mass for the higher density materials. Recalling that mass and
temperature normalize the amount of heat absorbed by a material resulting in the property
of specific heat, it can be reasoned that the lower amount of mass of XPS and polyimide
aerogel exacerbates the requisite of matching sample and reference temperature
differences. Altogether, the TPS method for measuring volumetric specific heat of low-
density, low-thermal conductivity materials provided less repeatable results despite the
attempts to optimize and control the experiments. More accurate measurements of

volumetric specific heat will likely require the use of a differential scanning calorimeter,
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DSC. The DSC employs the same tactic as the TPS volumetric specific heat method with
a comparison between reference and sample measurements, but a DSC has much better
control between the reference and sample measurement environments.

The thermal conductivity results obtained herein are useful in filling the
knowledge gap for RTV-655, polyimide aerogel, and the compound materials under
varying temperature. For steady and quasi-steady analyses, the thermal conductivity
results can be used to enhance future design and applications which may benefit from the
use of these materials over a range of temperatures. Of particular interest, knowledge of
the thermal conductivity of these materials at cryogenic temperatures can now be used in
computational models to further study the performance of the RTV-655/polyimide co

mpounds as a viable construction material for future cryogenic propellant storage

tanks in a space.
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APPENDIX A

Measurement results at 313K

SS 316

Output | Measurement | Sensor Poits Thermal | Thermal | Volumetric | Probing | Temp. |[Total Temp|Totalto Char.| Mean

power Time Radius Conductivity | Diffusivity | Specific Heat| Depth | Increase | Increase Time Deviation

[mW] [s] [mm] [Wm-1K-1][[mm2s-1] | [MIm-3K-1]| [mm] [K] [K] [K]
24 80 9.868 | 75-150 13.916 3.510 3.964 16.8 0.264 1.21 0.721 4.47E-05
24 80 9.868 | 75-151 14.109 3.611 3.908 17.0 0.624 3.73 0.742 1.03E-04
24 80 9.868 | 75-152 14.102 3.593 3.925 17.0 0.624 3.73 0.738 1.05E-04
24 80 9.868 | 75-153 14.129 3.591 3.935 16.9 0.623 3.72 0.737 8.12E-05
24 80 9.868 | 75-154 14.108 3.583 3.937 16.9 0.624 3.72 0.736 8.20E-05
24 80 9.868 | 75-155 14.148 3.612 3.917 17.0 0.622 3.72 0.742 1.58E-04
24 80 9.868 | 75-156 14.114 3.606 3.914 17.0 0.624 3.73 0.741 1.68E-04
24 80 9.868 | 75-157 14.098 3.604 3.912 17.0 0.624 3.74 0.740 1.70E-04
24 80 9.868 | 75-158 14.115 3.614 3.905 17.0 0.623 3.73 0.742 1.59E-04
24 80 9.868 | 75-159 14.102 3.588 3.930 16.9 0.624 3.75 0.737 9.77E-05
24 80 9.868 | 75-160 14.113 3.596 3.925 17.0 0.624 3.72 0.738 9.00E-05
24 80 9.868 | 75-161 14.112 3.612 3.907 17.0 0.623 3.73 0.742 1.66E-04
24 80 9.868 | 75-162 14.137 3.612 3.914 17.0 0.623 3.73 0.742 1.61E-04
24 80 9.868 | 75-163 14.113 3.587 3.934 16.9 0.623 3.74 0.737 7.67E-05
- - - Mean 14.101 3.594 3.923 17.0 0.598 3.55 0.738 1.19E-04
- - - St. Dev 0.055 0.026 0.016 0.1 0.096 0.67 0.005 4.29E-05
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Polystyrene

Output | Measurement | Sensor Points Thermal | Thermal | Volumetric | Probing | Temp. |[Total Temp|Totalto Char.| Mean

power Time Radius Conductivity | Diffusivity | Specific Heat| Depth | Increase | Increase Time Deviation

[mW] [s] [mm] [Wm-1K-1][[mm2s-1] | [MIm-3K-1]| [mm] [K] [K] [K]
24 80 9.868 | 75-150 0.032 0.763 0.042 13.5 1.068 5.19 0.470 1.50E-04
24 80 9.868 | 75-150 0.032 0.771 0.041 13.6 1.070 5.20 0.475 2.03E-04
24 80 9.868 | 75-150 0.032 0.769 0.041 13.6 1.069 5.20 0.474 2.11E-04
24 80 9.868 | 75-150 0.031 0.760 0.041 13.5 1.072 5.18 0.468 1.54E-04
24 80 9.868 | 75-150 0.031 0.761 0.041 13.5 1.073 5.18 0.469 1.95E-04
24 80 9.868 | 75-150 0.032 0.774 0.041 13.6 1.069 5.18 0.477 2.02E-04
24 80 9.868 | 75-150 0.032 0.764 0.041 13.5 1.070 5.19 0.471 1.33E-04
24 80 9.868 | 75-150 0.031 0.769 0.041 13.6 1.073 5.21 0.474 2.00E-04
24 80 9.868 | 75-150 0.031 0.759 0.041 13.5 1.072 5.21 0.468 2.17E-04
24 80 9.868 | 75-150 0.032 0.763 0.041 13.5 1.072 5.18 0.470 1.42E-04
- - - Mean 0.032 0.765 0.041 13.6 1.071 5.19 0.472 1.81E-04
- - - St. Dev [ 7.12E-05 [4.93E-03| 2.61E-04 [4.37E-02|1.85E-03[ 1.31E-02 | 3.04E-03 [3.19E-05
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RTV-655

Output | Measurement | Sensor Points Thermal | Thermal | Volumetric | Probing | Temp. |[Total Temp|Totalto Char.| Mean

power Time Radius Conductivity | Diffusivity | Specific Heat| Depth | Increase | Increase Time Deviation

[mW] [s] [mm] [Wm-1K-1][[mm2s-1] | [MIm-3K-1]| [mm] [K] [K] [K]
50 320 6.403 | 50-200 0.163 0.103 1.580 11.486 | 1.401 4.330 0.803 1.14E-04
50 320 6.403 | 50-200 0.163 0.105 1.555 11577 | 1.397 4.323 0.816 3.59E-04
50 320 6.403 | 50-200 0.163 0.104 1.572 11514 | 1.398 4.322 0.807 1.37E-04
50 320 6.403 | 50-200 0.163 0.104 1.573 11518 | 1.398 4.334 0.808 1.41E-04
50 320 6.403 | 50-200 0.163 0.104 1.572 11514 | 1.400 4.325 0.807 1.18E-04
50 320 6.403 | 50-200 0.163 0.103 1.573 11509 | 1.399 4.324 0.807 1.56E-04
50 320 6.403 | 50-200 0.163 0.103 1.577 11.502 | 1.399 4.309 0.806 1.30E-04
50 320 6.403 | 50-200 0.163 0.104 1.569 11519 | 1.398 4.332 0.808 1.24E-04
50 320 6.403 | 50-200 0.163 0.103 1.577 11.505 | 1.398 4.333 0.806 1.51E-04
50 320 6.403 | 50-200 0.163 0.104 1.565 11531 | 1.401 4.336 0.810 1.34E-04
- - - Mean 0.163 0.104 1.572 11.5 1.399 4.33 0.808 1.56E-04
- - - St. Dev [ 1.58E-04 [4.34E-04| 7.20E-03 [2.41E-02|1.31E-03[ 7.96E-03 | 3.38E-03 |7.23E-05
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VR17

Output | Measurement | Sensor Points Thermal | Thermal | Volumetric | Probing | Temp. |[Total Temp|Totalto Char.| Mean

power Time Radius Conductivity | Diffusivity | Specific Heat| Depth | Increase | Increase Time Deviation

[mW] [s] [mm] [Wm-1K-1][[mm2s-1] | [MIm-3K-1]| [mm] [K] [K] [K]
35 640 6.403 | 50-180 0.131 0.066 1.982 11.987 | 1.061 4.339 0.875 1.15E-03
35 640 6.403 | 50-170 0.131 0.066 1.978 12.000 | 1.060 4.336 0.877 1.18E-03
35 640 6.403 | 50-169 0.131 0.067 1.953 12.033 | 1.056 4.365 0.882 1.64E-03
35 640 6.403 | 50-171 0.131 0.066 1.990 11.996 | 1.066 4.348 0.876 1.14E-03
35 640 6.403 | 50-168 0.131 0.067 1.955 12.001 | 1.048 4.334 0.877 1.35E-03
35 640 6.403 | 50-168 0.131 0.067 1.960 12.003 | 1.048 4.339 0.877 1.16E-03
35 640 6.403 | 50-172 0.131 0.065 2.001 12.000 | 1.071 4.340 0.877 1.35E-03
35 640 6.403 | 50-166 0.131 0.068 1.931 12.006 | 1.040 4.343 0.878 1.14E-03
35 640 6.403 | 50-172 0.131 0.065 1.999 12.007 | 1.071 4.348 0.878 1.22E-03
35 640 6.403 | 50-173 0.130 0.065 2.001 12.008 | 1.080 4.367 0.878 1.30E-03
- - - Mean 0.131 0.066 1.975 12.0 1.060 4.35 0.878 1.26E-03
- - - St. Dev [ 2.39E-04 [8.81E-04| 2.43E-02 [1.20E-02[1.25E-02| 1.15E-02 | 1.76E-03 [1.56E-04
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VR34

Output | Measurement | Sensor Points Thermal | Thermal | Volumetric | Probing | Temp. |[Total Temp|Totalto Char.| Mean

power Time Radius Conductivity | Diffusivity | Specific Heat| Depth | Increase | Increase Time Deviation

[mW] [s] [mm] [Wm-1K-1][[mm2s-1] | [MIm-3K-1]| [mm] [K] [K] [K]
25 640 6.403 | 50-145 0.083 0.078 1.065 12.0 1.041 3.78 0.879 0.001
25 640 6.403 | 50-144 0.082 0.079 1.048 12.0 1.039 3.84 0.881 0.001
25 640 6.403 | 50-147 0.083 0.076 1.086 12.0 1.058 3.83 0.872 0.001
25 640 6.403 | 50-146 0.083 0.077 1.073 12.0 1.050 3.82 0.877 0.001
25 640 6.403 | 50-146 0.083 0.077 1.072 12.0 1.052 3.83 0.877 0.001
25 640 6.403 | 50-147 0.083 0.077 1.079 12.0 1.056 3.82 0.879 0.001
25 640 6.403 | 50-146 0.083 0.078 1.068 12.0 1.048 3.82 0.882 0.001
25 640 6.403 | 50-145 0.082 0.078 1.052 12.0 1.047 3.84 0.883 0.001
25 640 6.403 | 50-147 0.083 0.076 1.084 12.0 1.058 3.83 0.873 0.001
25 640 6.403 | 50-147 0.083 0.076 1.082 12.0 1.057 3.82 0.876 0.001
- - - Mean 0.083 0.077 1.071 12.0 1.051 3.82 0.878 1.18E-03
- - - St. Dev [ 2.04E-04 [8.28E-04| 1.29E-02 [2.57E-026.82E-03[ 1.58E-02 | 3.75E-03 [4.76E-05
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VR51

Output | Measurement | Sensor Points Thermal | Thermal | Volumetric | Probing | Temp. |[Total Temp|Totalto Char.| Mean

power Time Radius Conductivity | Diffusivity | Specific Heat| Depth | Increase | Increase Time Deviation
[mW] [s] [mm] [Wm-1K-1][[mm2s-1] | [MIm-3K-1]| [mm] [K] [K] [K]
25 320 6.403 [100-165[ 0.054 0.137 0.395 12.028 | 0.723 4.700 0.881 0.000
25 320 6.403 [100-166| 0.054 0.136 0.396 12.041 | 0.732 4.704 0.883 0.000
25 320 6.403 |100-164| 0.054 0.137 0.394 11.996 | 0.715 4.692 0.876 0.000
25 320 6.403 |100-165| 0.054 0.137 0.394 12.019 | 0.725 4.727 0.880 0.000
25 320 6.403 [100-163[ 0.054 0.139 0.386 12.045 | 0.709 4.704 0.884 0.001
25 320 6.403 [100-163| 0.054 0.139 0.389 12.031 | 0.708 4.710 0.882 0.000
25 320 6.403 |100-166| 0.054 0.135 0.402 11.970 | 0.732 4.716 0.873 0.000
25 320 6.403 [100-172( 0.054 0.131 0.415 12.006 | 0.781 4.715 0.878 0.000
25 320 6.403 [100-165[ 0.054 0.137 0.394 12.034 | 0.723 4.723 0.882 0.000
25 320 6.403 [100-164[ 0.054 0.137 0.394 12.001 | 0.715 4.714 0.877 0.000
- - - Mean 0.054 0.137 0.396 12.017 | 0.726 4.710 0.879 2.54E-04
- - - St. Dev | 1.72E-04 |2.28E-03| 7.92E-03 |2.36E-02|2.09E-02| 1.05E-02 | 3.45E-03 |1.39E-04
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Pl

Output | Measurement | Sensor Points Thermal | Thermal | Volumetric | Probing | Temp. |[Total Temp|Totalto Char.| Mean

power Time Radius Conductivity | Diffusivity | Specific Heat| Depth | Increase | Increase Time Deviation
[mMW] [s] [mm] [Wm-1K-1][[mm2s-1]| [MIm-3K-1]| [mm] [K] [K] [K]
7 80 3.189 | 10-25 0.045 0.323 0.140 3.592 0.907 4.280 0.278 0.000
7 80 3.189 | 10-25 0.045 0.334 0.136 3.653 0.906 4.284 0.287 0.000
7 80 3.189 | 10-25 0.045 0.340 0.133 3.686 0.909 4.286 0.292 0.000
7 80 3.189 | 10-25 0.045 0.328 0.138 3.623 0.908 4.299 0.283 0.000
7 80 3.189 | 10-25 0.045 0.332 0.136 3.644 0.910 4.283 0.286 0.000
7 80 3.189 | 10-25 0.045 0.327 0.138 3.618 0.909 4.272 0.282 0.000
7 80 3.189 | 10-25 0.045 0.328 0.138 3.624 0.908 4.269 0.283 0.000
7 80 3.189 | 10-25 0.045 0.325 0.139 3.603 0.909 4.265 0.279 0.000
7 80 3.189 | 10-25 0.045 0.335 0.135 3.662 0.910 4.259 0.289 0.000
- - - Mean 0.045 0.330 0.137 3.634 0.908 4.278 0.284 0.000

- - St. Dev | 7.32E-05 |5.40E-03| 2.07E-03 |2.97E-02|1.15E-03| 1.24E-02 | 4.65E-03 |6.55E-05
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Polystyrene

Time Specific Heat Reference Sample Increase Total Temp.
Increase Increase
[s] [Dkg-1K-1] | [K] [K] [K]
160 977 2.60 2.60 6.43
160 971 2.60 2.61 6.48
160 930 2.60 2.61 6.45
160 1123 2.60 2.61 6.46
160 1094 2.60 2.61 6.49
160 1046 2.60 2.62 6.47
160 1066 2.60 2.62 6.49
160 896 2.60 2.65 6.56
160 1220 2.60 2.60 6.44
160 1414 2.60 2.60 6.50
160 1337 2.60 2.60 6.49
160 1399 2.60 2.60 6.50
160 1267 2.60 2.60 6.51
160 1316 2.60 2.60 6.52
160 1355 2.60 2.60 6.51
160 1350 2.60 2.60 6.50
160 950 2.60 2.60 6.45
160 939 2.60 2.60 6.46
160 824 2.60 2.60 6.45
160 1147 2.60 2.60 6.45
160 [Average] 1131 3 3 6

160 [Std. Dev]| 188.45 0.00 0.01 0.03




RTV-655

Time Specific | Reference Sample 'ITe Or:]a;.
Heat Increase Increase
Increase
SIS [K] [K]
160 1533 2.60 2.60 7.24
160 1554 2.60 2.59 7.24
160 1537 2.60 2.60 7.25
160 1547 2.60 2.60 7.23
160 1543 2.60 2.60 7.26
160 1540 2.60 2.60 7.25
160 1544 2.60 2.60 7.24
160 1542 2.60 2.60 7.23
160 1552 2.60 2.59 7.23
160 1544 2.60 2.60 7.24
320 1605 2.21 2.19 5.76
320 1600 2.21 2.19 5.75
320 1602 2.21 2.19 5.75
320 1606 2.21 2.19 5.76
320 1602 2.21 2.19 5.77
320 1608 2.21 2.19 5.77
320 1611 2.21 2.19 5.75
320 1611 2.21 2.19 5.73
320 1616 2.21 2.18 5.74
320 1605 2.21 2.19 5.74
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160 [Average] 1544 2.60 2.60 7.24
160 [Std. Dev] 6.43 4.68E-16 2.67E-03 1.15E-02

320 [Average] 1607 2.21 2.19 5.75
320 [Std. Dev] 4.81 0.00E+00 1.12E-03 1.42E-02

VR17
. Specific | Reference Sample Total
Time Temp.
Heat Increase Increase

Increase

[ K [K] []

160 1258 2.60 2.65 7.63

160 1278 2.60 2.64 7.61

160 1276 2.60 2.64 7.61

160 1274 2.60 2.64 7.60

160 1281 2.60 2.63 7.57

160 1271 2.60 2.64 7.61

160 1277 2.60 2.63 7.58

160 1272 2.60 2.64 7.63

160 1284 2.60 2.63 7.60

160 1272 2.60 2.64 7.59

320 1595 2.21 2.21 6.20

320 1632 2.21 2.19 6.15

320 1631 2.21 2.19 6.17

130




320 1632 2.21 2.19 6.17
320 1631 2.21 2.19 6.15
320 1635 2.21 2.19 6.15
320 1640 2.21 2.19 6.18
320 1636 2.21 2.19 6.16
320 1635 2.21 2.19 6.16
320 1632 2.21 2.19 6.15
160 [Average] 1274 2.60 2.64 7.60
160 [Std. Dev] 7.09 4.68E-16 5.36E-03 1.86E-02
320 [Average] 1630 2.21 2.19 6.17
320 [Std. Dev] 12.54 | 0.00E+00 6.46E-03 1.62E-02
VR34
Time Specific | Reference VR17 _I-_I; ?;a;_
Heat Increase
Increase
[ | [] [K]
160 1241 2.60 2.60 7.34
160 1247 2.60 2.60 7.34
160 1249 2.60 2.60 7.36
160 1248 2.60 2.60 7.35
160 1252 2.60 2.60 7.35
160 1243 2.60 2.60 7.35
160 1245 2.60 2.60 7.35
160 1252 2.60 2.60 7.35
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160 1251 2.60 2.60 7.34

160 1243 2.60 2.60 7.36

320 1562 2.21 2.24 6.22

320 1563 2.21 2.24 6.22

320 1567 2.21 2.24 6.21

320 1575 2.21 2.24 6.20

320 1571 2.21 2.24 6.20

320 1566 2.21 2.24 6.21

320 1574 2.21 2.24 6.20

320 1567 2.21 2.24 6.22

320 1560 2.21 2.24 6.23

320 1568 2.21 2.24 6.21

160 [Average] 1247 2.60 2.60 7.35
160 [Std. Dev] 3.87 | 4.68E-16 1.14E-03 6.02E-03

320 [Average] 1567 2.21 2.24 6.21
320 [Std. Dev] 494 | 0.00E+00 1.74E-03 1.01E-02

VR51
Time Specific | Reference Sample ;; or';aF:'
Heat Increase Increase

Increase

[s] e | [K] [K]

160 1196 2.60 2.63 7.36
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160 1211 2.60 2.62 7.33
160 1210 2.60 2.62 7.35
160 1216 2.60 2.62 7.32
160 1217 2.60 2.62 7.31
160 1219 2.60 2.62 7.32
160 1215 2.60 2.62 7.35
160 1215 2.60 2.62 7.33
160 1222 2.60 2.62 7.32
160 1214 2.60 2.62 7.33
320 1552 2.21 2.26 6.28
320 1584 2.21 2.25 6.26
320 1589 2.21 2.25 6.25
320 1589 2.21 2.25 6.25
320 1590 2.21 2.25 6.23
320 1578 2.21 2.25 6.25
320 1590 2.21 2.25 6.26
320 1595 2.21 2.25 6.24
320 1590 2.21 2.25 6.24
320 1586 2.21 2.25 6.23
160 [Average] 1213 2.28 2.33 6.47
160 [Std. Dev] 7.00 1.66E-01 1.54E-01 4.54E-01
320 [Average] 1584 2.21 2.25 6.25
320 [Std. Dev] 12.29 | 0.00E+00 4.60E-03 1.45E-02
P1-Sheets

133




Specific

Reference

Sample

Total

Time Heat Increase Increase Temp.
Increase
[ | [K] [K]
80 1255 2.56 2.44 6.57
80 1239 2.56 2.45 6.60
80 1230 2.56 2.45 6.59
80 1241 2.56 2.24 6.06
80 1255 2.56 2.44 6.57
80 1239 2.56 2.45 6.60
80 1230 2.56 2.45 6.59
80 1241 2.56 2.24 6.06
80 1268 2.56 2.49 6.68
80 1222 2.56 2.56 6.91
80 1218 2.56 2.60 7.00
80 1255 2.56 2.44 6.57
80 1239 2.56 2.45 6.60
80 1230 2.56 2.45 6.59
80 1241 2.56 2.24 6.06
80 1268 2.56 2.49 6.68
80 1222 2.56 2.56 6.91
80 1218 2.56 2.60 7.00
80 1177 2.56 2.57 6.90
80 1229 2.56 2.56 6.88
80 1234 2.56 2.56 6.89
80 1209 2.56 2.57 6.92
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80 1205 2.56 2.57 6.89
160 1304 2.59 2.49 6.23
160 1310 2.59 2.50 6.25
160 1286 2.59 2.52 6.35
160 1246 2.59 2.54 6.38
160 1275 2.59 2.59 6.49
160 1263 2.59 2.64 6.62
160 1279 2.59 2.59 6.49
160 1266 2.59 2.59 6.47
160 1305 2.59 2.59 6.48
160 1301 2.59 2.59 6.47
160 1300 2.59 2.59 6.47
320 1253 2.38 2.31 5.91
320 1241 2.38 2.32 5.91
320 1285 2.38 2.35 5.99
320 1253 2.38 2.31 5.91
320 1241 2.38 2.32 5.91
320 1285 2.38 2.35 5.99
320 1218 2.38 2.37 6.05
320 1258 2.38 2.40 6.13
320 1260 2.38 2.44 6.23
320 1253 2.38 2.31 5.91
320 1241 2.38 2.32 5.91
320 1285 2.38 2.35 5.99
320 1218 2.38 2.37 6.05
320 1258 2.38 2.40 6.13
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320 1260 2.38 2.44 6.23
320 1265 2.38 2.38 6.07
320 1326 2.38 2.38 6.06
320 1298 2.38 2.38 6.08
320 1288 2.38 2.38 6.09
320 1252 2.38 2.38 6.08
80 [Average] 1233 2.56 2.47 6.66
80 [Std. Dev] 20.76 | 9.08E-16 1.08E-01 2.85E-01
160 [Average] 1285 2.59 2.57 6.43
160 [Std. Dev] 20.86 | 4.66E-16 4.60E-02 1.16E-01
320 [Average] 1262 2.38 2.36 6.03
320 [Std. Dev] 26.47 | 4.56E-16 3.84E-02 1.03E-01
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MEASUREMENT RESULTS AT 295K

APPENDIX A

SS 316

Output| Measurement | Sensor Poirts Thermal | Thermal | Volumetric | Probing | Temp. |Total Temp| Totalto Mean
power Time Radius Conductivity | Diffusivity | Specific Heat| Depth | Increase | Increase |Char. Time|Deviation
[mW] [s] [mm] [Wm-1K-1]|{[mm2s-1]| [MJm-3K-1]| [mm] [K] [K] [K]
3500 20 9.868 | 15-80 13.494 3.065 4.403 9.9 0.847 5.12 0.252 |3.51E-04
3500 20 9.868 | 15-80 13.489 3.066 4.399 9.9 0.847 5.06 0.252 |3.72E-04
3500 20 9.868 | 15-80 13.452 3.065 4.388 9.9 0.849 5.04 0.252 |3.64E-04
3500 20 9.868 | 15-80 13.462 3.053 4.409 9.9 0.848 5.06 0.251 |3.63E-04
3500 20 9.868 | 15-80 13.458 3.049 4.414 9.9 0.847 5.09 0.250 |3.70E-04
3500 20 9.868 | 15-80 13.460 3.057 4.403 9.9 0.847 5.04 0.251 |3.62E-04
3500 20 9.868 | 15-80 13.491 3.058 4.412 9.9 0.846 5.07 0.251 |3.62E-04
3500 20 9.868 | 15-80 13.468 3.057 4.406 9.9 0.848 5.10 0.251 |3.53E-04
3500 20 9.868 | 15-80 13.548 3.073 4.409 9.9 0.844 4.98 0.252 |3.65E-04
3500 20 9.868 | 15-80 13.498 3.062 4.408 9.9 0.846 5.07 0.252 |3.65E-04

- - - Mean 13.482 3.060 4.405 9.9 0.847 5.06 0.251 [3.63E-04

- - - |Std. Dev.| 0.029 0.007 0.007 0.0 0.001 0.04 0.001 [6.59E-06
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Polystyrene

Output| Measurement | Sensor Poirts Thermal | Thermal | Volumetric | Probing | Temp. |Total Temp| Totalto Mean
power Time Radius Conductivity | Diffusivity | Specific Heat| Depth | Increase | Increase |Char. Time|Deviation
[mW] [s] [mm] [Wm-1K-1]|{[mm2s-1]| [MJm-3K-1]| [mm] [K] [K] [K]
8 40 6.403 | 40-120 0.029 0.702 0.042 8.2 0.877 2.72 - 3.79E-04
8 40 6.403 | 40-120 0.029 0.699 0.042 8.2 0.879 2.75 - 4.15E-04
8 40 6.403 | 40-120 0.029 0.688 0.042 8.1 0.878 2.75 - 4.74E-04
8 40 6.403 | 40-120 0.029 0.707 0.041 8.2 0.880 2.76 - 4.43E-04
8 40 6.403 | 40-120 0.029 0.708 0.041 8.2 0.883 2.67 - 4.26E-04
8 40 6.403 | 40-120 0.029 0.681 0.043 8.1 0.888 2.77 - 4.03E-04
8 40 6.403 | 40-120 0.029 0.698 0.042 8.2 0.885 2.70 - 4.12E-04
8 40 6.403 | 40-120 0.029 0.699 0.042 8.2 0.883 2.70 - 4.67E-04
8 40 6.403 | 40-120 0.029 0.703 0.041 8.2 0.883 2.71 - 5.66E-04
8 40 6.403 | 40-120 0.029 0.704 0.041 8.2 0.884 2.69 - 4.72E-04
8 40 6.403 | 40-120
8 40 6.403 | 40-120
- - - Mean 0.029 0.699 0.042 8.2 0.882 2.72 #DIV/0! [4.46E-04
- - - |Std. Dev.|[ 1.02E-04 |8.56E-03| 4.58E-04 |5.04E-02[3.42E-03[ 3.18E-02 | #DIV/0! [5.29E-05
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RTV-655

Output| Measurement | Sensor Poirts Thermal | Thermal | Volumetric | Probing | Temp. |Total Temp| Totalto Mean

power Time Radius Conductivity | Diffusivity | Specific Heat| Depth | Increase | Increase |Char. Time|Deviation

[mW] [s] [mm] [Wm-1K-1]|{[mm2s-1]| [MJm-3K-1]| [mm] [K] [K] [K]
40 320 6.403 | 15-190 0.167 0.109 1.540 11.494 | 1.927 3.426 0.805 [1.55E-04
40 320 6.403 | 15-190 0.167 0.107 1.551 11427 | 1.934 3.443 0.795 |1.58E-04
40 320 6.403 | 15-190 0.166 0.107 1.549 11.427 | 1.934 3.450 0.795 [1.52E-04
40 320 6.403 | 15-190 0.167 0.109 1.537 11.500 | 1.928 3.434 0.805 [1.82E-04
40 320 6.403 | 15-190 0.167 0.108 1.545 11.447 | 1.935 3.434 0.798 [1.74E-04
40 320 6.403 | 15-190 0.167 0.108 1.545 11467 | 1.931 3.433 0.801 [2.19E-04
40 320 6.403 | 15-190 0.168 0.110 1.528 11.555 | 1.923 3.422 0.813 [2.22E-04
40 320 6.403 | 15-190 0.168 0.109 1.539 11.507 | 1.926 3.417 0.806 |1.82E-04
40 320 6.403 | 15-190 0.167 0.108 1.543 11472 | 1.931 3.424 0.802 |1.80E-04
40 320 6.403 | 15-190 0.167 0.109 1.535 11501 | 1.932 3.432 0.806 |1.75E-04
- - - Mean 0.167 0.108 1.541 115 1.930 3.43 0.803 [1.80E-04
- - - |Std. Dev.| 4.57E-04 |7.55E-04| 7.01E-03 [4.00E-02[3.95E-03[ 9.89E-03 | 5.59E-03 [2.40E-05
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VR1/

Output| Measurement | Sensor Poirts Thermal | Thermal | Volumetric | Probing | Temp. |Total Temp| Totalto Mean

power Time Radius Conductivity | Diffusivity | Specific Heat| Depth | Increase | Increase |Char. Time|Deviation

[mW] [s] [mm] [Wm-1K-1]|{[mm2s-1]| [MJm-3K-1]| [mm] [K] [K] [K]
30 640 6.403 | 75-138 0.120 0.081 1.473 11.995 | 0.483 3.371 0.876  |2.46E-04
30 640 6.403 | 75-176 0.118 0.063 1.869 11951 | 0.694 3.470 0.870 |2.70E-04
30 640 6.403 | 75-117 0.124 0.097 1.286 12.025 | 0.338 3.254 0.881 [2.17E-04
30 640 6.403 | 75-135 0.124 0.083 1.483 12.003 | 0.452 3.332 0.877 |2.35E-04
30 640 6.403 | 75-139 0.122 0.081 1.502 12.019 | 0.481 3.336 0.880 |4.55E-04
30 640 6.403 | 75-141 0.122 0.080 1.529 11.987 | 0.494 3.349 0.875 |2.43E-04
30 640 6.403 | 75-146 0.122 0.077 1.576 12.010 [ 0.523 3.372 0.878 |2.38E-04
30 640 6.403 | 75-142 0.121 0.080 1.520 12.028 | 0.502 3.354 0.881 |2.76E-04
30 640 6.403 | 75-145 0.122 0.078 1.574 11.997 | 0.515 3.373 0.877 |2.49E-04
30 640 6.403 | 75-142 0.123 0.079 1.555 11.972 | 0.497 3.309 0.873 |2.51E-04
- - - Mean 0.122 0.080 1.537 12.0 0.498 3.35 0.877 [2.68E-04
- - - |Std. Dev.| 1.66E-03 |8.03E-03| 1.43E-01 |2.41E-02[8.66E-02[ 5.50E-02 | 3.52E-03 [6.79E-05
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VR34

Output| Measurement | Sensor Poirts Thermal | Thermal | Volumetric | Probing | Temp. |Total Temp| Totalto Mean

power Time Radius Conductivity | Diffusivity | Specific Heat| Depth | Increase | Increase |Char. Time|Deviation

[mW] [s] [mm] [Wm-1K-1]|{[mm2s-1]| [MJm-3K-1]| [mm] [K] [K] [K]
20 640 6.403 | 50-145 0.082 0.077 1.061 12.0 0.844 3.26 0.873 |8.04E-04
20 640 6.403 | 50-145 0.082 0.078 1.053 12.0 0.838 3.26 0.882 |8.75E-04
20 640 6.403 | 50-145 0.083 0.077 1.072 12.0 0.835 3.25 0.873 |7.49E-04
20 640 6.403 | 50-145 0.082 0.078 1.060 12.0 0.841 3.28 0.877 |7.45E-04
20 640 6.403 | 50-145 0.082 0.078 1.055 12.0 0.842 3.28 0.877 |7.88E-04
20 640 6.403 | 50-144 0.082 0.079 1.040 12.0 0.837 3.28 0.884 |8.20E-04
20 640 6.403 | 50-144 0.083 0.078 1.056 12.0 0.830 3.26 0.878 [8.22E-04
20 640 6.403 | 50-142 0.082 0.079 1.037 12.0 0.823 3.29 0.876 |8.12E-04
20 640 6.403 | 50-145 0.082 0.078 1.050 12.0 0.839 3.29 0.883 |8.29E-04
20 640 6.403 | 50-145 0.082 0.077 1.064 12.0 0.840 3.28 0.874 |7.73E-04
- - - Mean 0.082 0.078 1.055 12.0 0.837 3.27 0.878 [8.02E-04
- - - |Std. Dev.| 3.11E-04 |6.54E-04| 1.05E-02 |2.77E-02[6.20E-03[ 1.58E-02 | 4.05E-03 [3.94E-05
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VR51

Output| Measurement | Sensor Poirts Thermal | Thermal | Volumetric | Probing | Temp. |Total Temp| Totalto Mean
power Time Radius Conductivity | Diffusivity | Specific Heat| Depth | Increase | Increase |Char. Time|Deviation
[mW] [s] [mm] [Wm-1K-1]|{[mm2s-1]| [MJm-3K-1]| [mm] [K] [K] [K]
10 40 3.1891100-180| 0.053 0.125 0.422 12.016 | 0.697 3.891 0.879 |3.06E-04
10 40 3.1891100-181| 0.053 0.125 0.424 12.035 | 0.704 3.892 0.882 |2.42E-04
10 40 3.1891100-175| 0.053 0.128 0.417 11.957 | 0.661 3.872 0.871 [2.41E-04
10 40 3.1891100-190| 0.053 0.119 0.444 12.033 | 0.765 3.910 0.882 |3.01E-04
10 40 3.1891100-173| 0.053 0.130 0.410 12.013 | 0.644 3.890 0.879 [2.13E-04
20 40 3.1891100-166 | 0.054 0.135 0.400 11.969 | 0.590 3.840 0.872 [1.91E-04
20 40 3.189 1100-174| 0.054 0.129 0.414 12.003 | 0.649 3.857 0.877 |2.83E-04
20 40 3.1891100-172| 0.053 0.131 0.406 12.016 | 0.638 3.881 0.879 [2.43E-04
20 40 3.189 1100-169| 0.054 0.134 0.401 12.018 | 0.613 3.850 0.880 |2.36E-04
20 40 3.1891100-164 | 0.054 0.137 0.390 12.000 | 0.578 3.835 0.877 |2.05E-04
- - - Mean 0.053 0.129 0.413 12.006 | 0.654 3.872 0.878 |2.46E-04
- - - |Std. Dev.| 3.60E-04 |5.34E-03| 1.50E-02 |2.54E-02|5.66E-02| 2.52E-02 | 3.71E-03 [3.93E-05
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Pl

Output| Measurement | Sensor Poirts Thermal | Thermal | Volumetric | Probing | Temp. |Total Temp| Totalto Mean

power Time Radius Conductivity | Diffusivity | Specific Heat| Depth | Increase | Increase |Char. Time|Deviation

[mW] [s] [mm] [Wm-1K-1]|{[mm2s-1]| [MJm-3K-1]| [mm] [K] [K] [K]
10 40 3.189 | 10-25 0.050 0.318 0.157 2.520 0.967 5.125 0.137 |1.78E-04
10 40 3.189| 10-25 0.049 0.310 0.158 2.492 0.976 5.163 0.134 |2.05E-04
10 40 3.189 | 10-25 0.049 0.303 0.161 2.463 0.977 5.165 0.131 |2.32E-04
10 40 3.189 | 10-25 0.049 0.301 0.162 2.454 0.978 5.171 0.130 [1.83E-04
10 40 3.189 | 10-25 0.049 0.301 0.161 2.453 0.981 5.165 0.129 |2.45E-04
20 40 3.189 | 10-25 0.047 0.274 0.173 2.565 0.881 4.052 0.142 |8.71E-05
20 40 3.189 | 10-25 0.047 0.266 0.177 2.526 0.879 4.062 0.137 |3.88E-04
20 40 3.189 | 10-25 0.048 0.283 0.170 2.605 0.878 4.039 0.146 |2.96E-04
20 40 3.189 | 10-25 0.048 0.284 0.169 2.613 0.880 4.042 0.147 |2.51E-04
20 40 3.189 | 10-25 0.048 0.284 0.170 2.610 0.875 4.042 0.147 |1.78E-04
- - - Mean 0.0484 0.292 0.166 2.530 0.927 4.603 0.138 |2.24E-04
- - - |Std. Dev.| 8.03E-04 |1.66E-02| 6.87E-03 |6.49E-02|5.14E-02| 5.85E-01 | 7.07E-03 [8.05E-05
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Paraffin Wax

Output| Measurement | Sensor Poirts Thermal | Thermal | Volumetric | Probing | Temp. |Total Temp| Totalto Mean

power Time Radius Conductivity | Diffusivity | Specific Heat| Depth | Increase | Increase |Char. Time|Deviation

[mwW] [s] [mm] [Wm-1K-1] [[mm2s-1][[MIm-3K-1]| [mm] [K] [K] [K]
100 160 6.403 | 50-200 0.260 0.118 2.209 8.683 1.749 5.077 0.459 |4.17E-04
100 160 6.403 | 50-200 0.258 0.118 2.184 8.688 1.766 5.096 0.460 |4.68E-04
100 160 6.403 | 50-200 0.262 0.122 2.155 8.824 1.739 5.098 0.474 |5.04E-04
100 160 6.403 | 50-200 0.254 0.112 2.279 8.451 1.781 5.139 0.435 |5.45E-04
100 160 6.403 | 50-200 0.262 0.124 2.111 8.904 1.741 5.147 0.483 |5.66E-04
100 160 6.403 | 50-200 0.258 0.118 2.194 8.681 1.760 5.149 0.459 |6.66E-04
100 160 6.403 | 50-200 0.260 0.120 2.168 8.758 1.753 5.168 0.467 |5.44E-04
100 160 6.403 | 50-200 0.260 0.120 2.168 8.768 1.749 5.170 0.468 |2.34E-04
100 160 6.403 | 50-200 0.258 0.115 2.238 8.590 1.760 5.174 0.449 |8.05E-04
100 160 6.403 | 50-200 0.258 0.115 2.246 8.576 1.759 5.177 0.448 |7.59E-04
100 160 6.403 | 50-200 0.261 0.117 2.223 8.660 1.744 5.179 0.457 |5.01E-04
100 160 6.403 | 50-200 0.257 0.112 2.294 8.468 1.764 5.196 0.437 |4.60E-04
100 160 6.403 | 50-200 0.266 0.124 2.141 8.912 1.717 5.198 0.484 |4.69E-04
100 160 6.403 | 50-200 0.262 0.118 2.229 8.672 1.738 5.211 0.458 |5.30E-04
100 160 6.403 | 50-200 0.264 0.127 2.086 9.004 1.727 5.212 0.494 |6.23E-04
100 160 6.403 | 50-200 0.263 0.124 2.129 8.891 1.735 5.216 0.481 [1.86E-04
100 160 6.403 | 50-200 0.263 0.123 2.132 8.884 1.736 5.223 0.481 |2.23E-04
100 160 6.403 | 50-200 0.261 0.123 2.125 8.870 1.742 5.232 0.479 [3.18E-04
- - - Mean 0.260 0.119 2.184 8.738 1.748 0.465 0.000 18.000
- - - |Std. Dev.| 2.82E-03 |4.30E-03| 5.91E-02 |1.58E-01|1.56E-02| 1.67E-02 | 1.71E-04
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Paraffin Wax

Time Specific Heat| Reference Increase | Sample Increase | Total Temp. Increase
[$] [Jkg-1K-1] [K] [K] [K]
320 2182 2.70 2.88 5.56
640 2464 3.43 3.32 4.85
640 2417 2.73 2.79 5.16
640 2536 2.73 2.71 5.03
640 2546 2.73 2.71 5.04
640 2544 2.73 2.71 5.04
640 2542 2.73 2.71 5.05
640 2533 2.73 2.72 5.05
640 2523 2.73 2.72 5.06
640 2490 2.73 2.74 5.09
640 2492 2.73 2.74 5.09
640 2456 2.73 2.76 5.10
1280 2459 3.18 3.26 4.60
320 [Average] 2182 3 3 6
320 [Std. Dev] | #DIV/0! #DIV/0! #DIV/0! #DIV/0!
640 [Average] 2504 3 3 5
640 [Std. Dev] 43 0.21 0.18 0.07
1280 [Average] 2459 3 3 5
1280 [Std. Dev]| #DIV/0! #DIV/0! #DIV/0! #DIV/0!

Polystyrene (XPS)
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Ti Specific Reference Sample Total Temp.
ime
Heat Increase Increase Increase
g e [K] [K] [K]
20 3989 2.01 1.97 6.9133
20 3753 2.01 1.98 6.9375
40 2166 2.39 2.39 7.1579
40 2096 2.39 2.39 7.1702
80 1523 2.20 2.22 5.9156
80 1669 2.20 2.65 6.9215
80 1178 2.62 2.66 6.9473
160 869 2.69 2.70 6.6880
160 905 2.69 2.70 6.6629
160 1096 2.69 2.70 6.6378
160 855 2.69 2.70 6.6339
160 1174 2.69 2.69 6.6146
160 1107 2.69 2.69 6.6252
160 1023 2.69 2.69 6.6169
160 1130 2.69 2.69 6.6430
160 874 2.69 2.70 6.6550
160 960 2.69 2.70 6.6665
320 2965 2.59 2.58 6.5123
320 2221 2.59 2.60 6.5217
320 1753 2.59 2.61 6.5375
320 2846 2.59 2.59 6.5432
320 685 2.59 2.64 6.5802
640 6886 2.30 2.26 6.5149
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640 6766 2.30 2.26 6.5229
640 3453 2.30 2.31 6.5759
640 4185 2.30 2.30 6.5948
640 310 2.30 2.34 6.6432
1280 24005 1.62 1.56 6.3436
1280 20387 1.62 1.57 6.3903
1280 16392 1.62 1.59 6.4272
20 [Average] 3871 2.01 1.98 6.93
20 [Std. Dev] 166 0.00E+00 5.76E-03 1.71E-02
40 [Average] 2131 2.39 2.39 7.16
40 [Std. Dev] 49 0.00E+00 4.22E-04 8.76E-03
80 [Average] 1457 2.34 2.51 6.59
80 [Std. Dev] 252 2.45E-01 2.52E-01 5.88E-01
160 [Average] 999 2.69 2.70 6.64
160 [Std. Dev] 122 4.68E-16 4.22E-03 2.36E-02
320 [Average] 2094 2.59 2.60 6.54
320 [Std. Dev] 927 0.00E+00 2.01E-02 2.61E-02
640 [Average] 4320 2.30 2.30 6.57
640 [Std. Dev] 2712 0.00E+00 3.41E-02 5.30E-02
1280 [Average] | 20261 1.62 1.57 6.39
1280 [Std. Dev] 3808 0.00E+00 1.46E-02 4.19E-02
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RTV-655

Time Specific Heat| Reference Increase | Sample Increase | Total Temp. Increase
[] [Jkg-1K-1] [K] [K] [K]
160 1274 2.64 2.79 4.07
160 1268 2.64 2.97 4.33
160 1295 2.64 2.95 4.30
160 1285 2.64 2.96 4.30
320 1443 2.79 2.84 3.92
320 1465 2.79 2.82 3.88
320 1456 2.79 2.94 4.05
640 1407 3.07 3.17 4.23
640 1321 3.07 3.23 4.30
640 1379 3.07 3.19 4.28
1280 610 2.92 3.49 4,75
1280 585 2.92 3.51 4.74
1280 526 2.92 3.54 4.78
160 [Average] 1280 2.64 2.92 4.25
160 [Std. Dev] 12 0.00E+00 8.64E-02 1.22E-01
320 [Average] 1455 2.79 2.86 3.95
320 [Std. Dev] 11 5.44E-16 6.41E-02 9.29E-02
640 [Average] 1369 3.07 3.20 4.27
640 [Std. Dev] 44 0.00E+00 3.15E-02 3.81E-02
1280 [Average] 574 2.92 3.51 4.75
1280 [Std. Dev] 44 5.44E-16 2.46E-02 2.28E-02
VR17
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i Specific Reference Sample Total Temp.
ime
Heat Increase Increase Increase
[s] o [K] [K] [K]
160 1223 2.70 2.45 7.02
160 1229 2.70 3.11 8.91
160 982 2.21 2.58 4.76
160 986 2.21 2.42 4.45
160 991 2.21 2.42 4.43
160 991 2.21 2.42 4.43
320 1601 2.59 2.33 6.53
320 1638 2.59 2.58 7.21
320 1633 2.59 2.58 7.23
320 1627 2.59 2.58 7.25
320 1629 2.59 2.58 7.24
320 1611 2.59 2.59 7.26
320 1593 2.59 2.61 7.30
320 1641 2.59 2.68 7.52
320 1358 2.29 2.27 4.06
320 1325 2.29 2.34 4.16
320 1359 2.29 2.31 4.13
320 1361 2.29 2.31 4.10
640 1620 2.30 2.31 6.45
640 1589 2.30 2.32 6.47
640 1589 2.30 2.32 6.48
640 1556 2.30 2.34 6.52
640 1519 2.30 2.35 6.54
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640 1560 2.30 2.34 6.49

640 1721 2.30 2.27 6.36

640 1686 2.30 2.28 6.39

640 1668 2.30 2.29 6.40

640 1665 2.30 2.29 6.41

640 1624 2.30 2.36 6.60

640 1621 2.30 2.37 6.61

640 1564 2.30 2.45 6.81

640 1670 2.30 2.46 6.88

640 1440 2.40 2.39 4.20

640 1480 2.40 2.37 4.17

640 1469 2.40 2.39 4.19

1280 361 1.62 2.15 6.61

1280 639 2.04 2.45 4.42

1280 724 2.04 2.19 3.88

160 [Average] 1067 2.37 2.57 5.67
160 [Std. Dev] 123 2.51E-01 2.75E-01 1.88E+00

320 [Average] 1531 2.49 2.48 6.17
320 [Std. Dev] 134 1.47E-01 1.52E-01 1.53E+00

640 [Average] 1591 2.32 2.35 6.12
640 [Std. Dev] 81 3.94E-02 5.39E-02 9.31E-01

1280 [Average] 575 1.90 2.26 4.97
1280 [Std. Dev] 190 2.44E-01 1.65E-01 1.45E+00
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VR34

i Specific Reference Sample Total Temp.
ime

Heat Increase Increase Increase
[s] o [K] [K] [K]
160 1107 2.21 2.15 4.03265
160 1108 2.21 2.18 4.09860
160 1222 2.70 2.80 7.81007
160 1115 2.21 2.21 4.15278
320 1365 2.29 2.14 3.80310
320 2103 2.59 2.45 6.83732
320 1555 2.59 2.76 7.49918
320 1385 2.29 2.20 3.89162
320 1369 2.29 2.22 3.90153
640 1662 2.30 2.27 6.31609
640 1667 2.30 2.29 6.36536
640 1637 2.30 2.30 6.37052
640 1669 2.30 2.28 6.37222
640 1631 2.30 2.30 6.39209
640 1637 2.30 2.30 6.40041
640 1643 2.30 2.30 6.40238
640 1648 2.30 2.29 6.40893
640 1589 2.30 2.32 6.41657
640 1601 2.30 2.31 6.42045
640 1559 2.30 2.43 6.71512
640 1530 2.30 2.56 7.07350
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640 1419 2.40 2.31 3.98295
640 1424 2.40 2.34 4.02416
640 1510 2.40 2.33 4.03260
640 1492 2.40 2.34 4.04394
1280 381 1.62 2.05 6.43862
1280 880 2.04 2.08 3.69231
1280 793 2.04 2.05 3.60534
1280 1056 2.04 2.01 3.59213

160 [Average] 1138 2.33 2.34 5.02
160 [Std. Dev] 56 2.45E-01 3.10E-01 1.86E+00

320 [Average] 1593 2.37 2.33 5.62
320 [Std. Dev] 245 1.36E-01 1.96E-01 1.51E+00

640 [Average] 1566 2.33 2.34 5.75
640 [Std. Dev] 84 4.70E-02 7.44E-02 1.21E+00

1280 [Average] 778 1.93 2.05 4.33
1280 [Std. Dev] 286 2.11E-01 2.94E-02 1.41E+00

VR51
. Specific Reference Sample Total Temp.
Time

Heat Increase Increase Increase

[s] e [K] [K] [K]

160 1150 2.70 2.83 7.78

160 1214 1.41 1.36 411

320 1486 1.40 1.34 3.85

320 1514 2.59 2.61 7.08
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320 1484 2.59 2.63 7.13
320 1520 2.59 2.60 7.07
320 1593 2.59 2.56 7.00
320 1557 2.59 2.58 7.04
320 1551 2.59 2.59 7.04
320 1538 2.59 2.59 7.06
320 1536 2.59 2.59 7.06
320 1540 2.59 2.59 7.07
320 1520 2.59 2.60 7.07
320 1525 2.59 2.60 7.09
320 1497 2.59 2.77 7.53
320 1549 2.59 2.78 7.56
640 1500 2.30 2.14 5.96
640 1756 2.30 2.16 6.10
640 1482 2.30 2.33 6.50
640 1610 2.30 2.28 6.42
640 1550 2.30 2.30 6.45
640 1538 2.30 2.31 6.47
640 1543 2.30 2.30 6.46
640 1509 2.30 2.32 6.52
640 1687 2.30 2.31 6.48
640 1615 2.30 2.33 6.54
640 1641 2.30 2.32 6.50
640 1639 2.30 2.32 6.50
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640 1625 2.30 2.33 6.53

640 1563 2.30 2.36 6.57

640 1580 2.30 2.35 6.56

640 1549 2.30 2.36 6.59

640 1561 2.30 2.35 6.58

640 1589 2.30 2.34 6.58

640 1306 1.34 1.46 4.08

640 1556 2.30 2.36 6.59

1280 -471 0.93 1.25 3.71

1280 291 1.62 2.07 6.60

160 [Average] 1182 2.05 2.10 5.94
160 [Std. Dev] 45 9.09E-01 1.04E+00 2.59E+00

320 [Average] 1529 2.50 2.53 6.90
320 [Std. Dev] 30 3.16E-01 3.49E-01 8.95E-01

640 [Average] 1570 2.25 2.27 6.35
640 [Std. Dev] 90 2.14E-01 1.99E-01 5.57E-01

1280 [Average] -90 1.27 1.66 5.15
1280 [Std. Dev] 539 4.88E-01 5.82E-01 2.04E+00

P1-Sheets
Ti Specific Reference Sample Total Temp.
ime

Heat Increase Increase Increase

[s] e [K] [K] [K]

160 1304 1.69 1.71 4.45

160 1304 1.69 1.71 4.45
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160 1213 1.69 1.73 4.45
160 1216 2.63 2.67 4.45
160 1136 2.63 2.69 4.45
160 1304 1.69 1.71 4.45
160 1213 1.69 1.73 4.45
320 1378 2.70 1.74 2.80
320 1568 2.70 1.71 2.76
320 1578 2.70 1.70 2.74
320 1572 2.70 1.70 2.76
320 1565 2.70 1.71 2.76
320 1378 2.70 1.74 2.80
320 1568 2.70 1.71 2.76
320 1578 2.70 1.70 2.74
320 1572 2.70 1.70 2.76
320 1565 2.70 1.71 2.76
320 1274 2.70 2.70 431
320 1274 2.70 2.70 431
320 1258 2.70 2.71 4.33
320 1258 2.70 2.71 4.33
320 1448 1.67 1.67 4.29
320 1448 1.67 1.67 4.29
320 1455 1.67 1.67 4.29
320 1397 2.70 2.67 4.29
320 1395 2.70 2.67 4.29
320 1358 2.70 2.68 4.30
320 1350 2.70 2.68 4.29
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320 1339 2.70 2.68 4.29
320 1323 2.70 2.69 4.30
320 1302 2.70 2.70 4.29
320 1448 1.67 1.67 4.29
320 1455 1.67 1.67 4.29
320 1358 2.70 2.68 4.30
320 1350 2.70 2.68 4.29
320 1339 2.70 2.68 4.29
320 1323 2.70 2.69 4.30
320 1302 2.70 2.70 4.29
320 1255 2.70 2.71 4.33
320 1255 2.70 2.71 4.33
320 1352 2.70 2.68 4.29
320 1341 2.70 2.69 431
320 1286 2.70 2.70 4.33
640 1911 2.40 2.28 4.30
640 1911 2.40 2.28 4.30
640 1966 2.73 2.60 4.30
640 1675 2.73 2.66 4.39
640 1848 2.73 2.62 4.33
640 1737 2.73 2.64 4.34
640 1455 2.73 2.71 4.43
640 1750 2.73 2.64 4.34
640 1468 2.73 2.71 4.42
640 1524 2.73 2.69 441
640 1930 2.73 2.60 4.28
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640 2063 2.73 2.58 4.29
640 1990 2.73 2.59 4.28
640 1911 2.40 2.28 4.30
640 1771 1.19 1.19 4.39
640 1848 2.73 2.62 4.33
640 1737 2.73 2.64 4.34
640 1455 2.73 2.71 4.43
640 1750 2.73 2.64 4.34
640 1468 2.73 2.71 4.42
640 1524 2.73 2.69 441
640 1855 3.43 3.25 4.28
640 1965 3.43 3.22 4.29
640 1909 3.43 3.23 4.28
640 1458 2.73 2.71 4.42
640 1458 2.73 2.71 4.42
640 1445 2.73 2.71 4.45
640 1445 2.73 2.71 4.45
640 1367 2.73 2.74 4.49
640 1367 2.73 2.74 4.49
640 1962 2.73 2.60 431
640 1880 2.73 2.62 4.34
640 1843 2.73 2.63 4.33
640 1831 2.73 2.64 4.36
640 1850 2.73 2.63 4.35
640 2089 1.58 1.53 431
640 1983 1.58 1.54 4.34
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640 1935 1.58 1.55 4.33
640 1921 1.58 1.55 4.36
640 1940 1.58 1.55 4.35
640 1423 2.73 2.72 4.46
640 1423 2.73 2.72 4.46
640 1500 3.43 3.37 4.46
640 1830 2.04 1.94 4.33
640 1534 2.73 2.70 4.46
640 1937 2.73 2.61 4.33
640 1500 3.43 3.37 4.46
640 1830 2.04 1.94 4.33
640 1426 3.03 3.03 4.37
640 1398 3.03 3.03 4.38
640 1368 3.31 3.31 4.36
640 1315 3.43 3.44 4.53
640 1277 2.73 2.77 4.53
640 1625 2.73 2.70 4.43
640 1315 3.43 3.44 4.53
640 1625 2.73 2.70 4.43
640 1824 2.73 2.65 4.35
640 1824 2.73 2.65 4.35
640 1877 2.73 2.65 4.36
640 1877 2.73 2.65 4.36
640 1804 2.73 2.66 4.38
640 1804 2.73 2.66 4.38
640 1780 2.73 2.67 4.42
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640 1780 2.73 2.67 4.42
640 1751 2.73 2.68 4.41
640 1792 2.73 2.68 4.34
640 1792 2.73 2.68 4.34
640 1630 2.73 2.73 4.48
640 1608 2.73 2.73 4.47
640 1729 2.73 2.71 4.45
1280 1401 1.13 1.17 4.36
1280 1401 1.13 1.17 4.36
1280 1288 1.13 1.18 4.38
1280 1846 2.31 2.30 4.36
1280 1757 2.31 2.31 4.38
1280 1401 1.13 1.17 4.36
1280 1288 1.13 1.18 4.38
160 [Average] 1242 1.96 1.99 4.45
160 [Std. Dev] 65 4.59E-01 4.70E-01 4.64E-03
320 [Average] 1396 2.56 2.28 3.87
320 [Std. Dev] 110 3.59E-01 4.96E-01 6.98E-01
640 [Average] 1706 2.68 2.62 4.38
640 [Std. Dev] 217 451E-01 4.47E-01 6.67E-02
1280 [Average] 1483 1.46 1.50 4.37
1280 [Std. Dev] 225 5.76E-01 5.52E-01 1.06E-02

159




APPENDIX A

MEASUREMENT RESULTS AT 253K

SS 316

Output | Measurement . . Thermal Thermal Volumetric . Total Temp| Totalto Mean

. Sensor Radius Points .. e . Probing Depth | Temp. Increase . L
power Time v ! Conductivity | Diffusivity Specific Heat g Lep i Increase | Char. Time | Deviation

[mwW] [s] [mm] [Wm-1K-1] | [mm2s-1] [MIm-3K-1] [mm] [K] [K] [K]
1000 20 6.403 20-100 12.940 3.561 3.634 11.9 0.411 3.08 0.867 3.28E-05
1000 20 6.403 20-100 12.925 3.593 3.597 12.0 0.411 3.15 0.875 2.91E-05
1000 20 6.403 20-100 12.915 3.589 3.598 12.0 0.412 3.14 0.874 2.60E-05
1000 20 6.403 20-100 12.954 3.493 3.709 11.8 0.411 3.05 0.851 2.63E-04
1000 20 6.403 20-100 12.910 3.589 3.597 12.0 0.412 3.09 0.874 2.99E-05
Mean 12.929 3.565 3.627 11.9 0.412 3.10 0.868 7.62E-05
Std. Dev 1.81E-02 4.24E-02 4.84E-02 7.13E-02 3.80E-04 4.09E-02 | 1.03E-02 |1.05E-04
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Polystyrene

Output Measyremem Sensor Radius Points Thermfall T.herr.ngl VOIl.mmC Probing Depth | Temp. Increase Total Temp) ~ Total t.o M?af‘

power Time Conductivity | Diffusivity Specific Heat Increase | Char. Time | Deviation
[mW] [s] [mm] [Wm-1K-1] | [mm2s-1] [MIm-3K-1] [mm] [K] [K] K]

8 40 6.403 50-115 0.024 0.593 0.040 7.4 0.811 3.22 0.332 2.92E-04
10 40 6.403 50-115 0.024 0.631 0.038 7.6 0.996 3.95 0.354 3.15E-04
10 40 6.403 50-115 0.025 0.682 0.036 7.9 0.976 3.86 0.382 3.37E-04
10 40 6.403 50-115 0.024 0.625 0.038 7.6 1.001 3.97 0.350 2.79E-04
10 40 6.403 50-115 0.024 0.620 0.039 7.6 1.003 3.96 0.348 3.28E-04
10 40 6.403 50-115 0.025 0.677 0.037 7.9 0.977 3.88 0.379 3.27E-04
10 40 6.403 50-115 0.025 0.662 0.037 7.8 0.982 3.92 0.371 3.31E-04
10 40 6.403 50-115 0.024 0.602 0.040 7.4 1.007 4.00 0.337 2.82E-04
10 40 6.403 50-115 0.024 0.628 0.038 7.6 0.999 3.95 0.352 3.08E-04
10 40 6.403 50-115 0.025 0.681 0.036 7.9 0.976 3.89 0.382 3.65E-04
10 40 6.403 50-115 0.024 0.626 0.038 7.6 1.002 3.95 0.351 2.98E-04
Mean 0.024 0.639 0.038 7.7 0.975 3.87 0.358 3.15E-04
Std. Dev 4.13E-04 3.16E-02 1.23E-03 1.89E-01 5.58E-02 2.18E-01 | 1.77E-02 |2.60E-05
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RTV-655

Output | Measurement . . Thermal Thermal \olumetric . Total Temp| Totalto Mean

. Sensor Radius Points . i . Probing Depth | Temp. Increase . L
power Time Conductivity | Diffusivity Specific Heat Increase | Char. Time | Deviation

[mW] [s] [mm] [Wm-1K-1] | [mm2s-1] [MIm-3K-1] [mm] [K] [K] K]
40 320 6.403 50-150 0.174 0.156 1.115 12.2 0.815 3.29 0.911 8.06E-04
40 320 6.403 50-150 0.164 0.104 1.572 10.0 1.118 4.28 0.610 1.65E-04
40 320 6.403 50-150 0.166 0.124 1.342 10.9 1.093 4.25 0.724 4.89E-04
40 320 6.403 50-150 0.171 0.146 1.172 11.8 1.047 4.19 0.852 5.51E-04
40 320 6.403 50-150 0.175 0.136 1.286 11.4 1.033 4.12 0.793 6.07E-04
40 320 6.403 50-150 0.173 0.114 1.524 10.4 1.059 4.19 0.665 2.21E-04
40 320 6.403 50-150 0.168 0.095 1.773 9.5 1.100 4.26 0.553 4.87E-04
40 320 6.403 50-150 0.162 0.086 1.880 9.1 1.139 4.33 0.503 4.56E-04
40 320 6.403 50-150 0.160 0.092 1.750 9.4 1.149 4.36 0.536 1.94E-04
40 320 6.403 50-150 0.163 0.108 1.510 10.2 1.124 4.32 0.632 2.06E-04
40 320 6.403 50-150 0.166 0.126 1.318 11.0 1.091 4.24 0.737 4.72E-04
Mean 0.167 0.117 1.477 10.5 1.070 4.17 0.683 4.23E-04
Std. Dev 5.01E-03 2.27E-02 2.53E-01 1.02E+00 9.24E-02 2.99E-01 | 1.33E-01 |2.04E-04
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VR17

Output | Measurement Sersor Radius Poits Thermal Thermal Volumetric Probing Depth | Temp. Increase Total Temp| Totalto Mean

power Time Conductivity | Diffusivity Specific Heat Increase | Char. Time | Deviation
[mW] [s] [mm] [Wm-1K-1] | [mm2s-1] [MIm-3K-1] [mm] [K] [K] [K]

30 640 6.403 (25-100) 0.109 0.036 3.075 6.7 1.174 4.86 0.277 1.97E-03
30 640 6.403 (25-120) 0.116 0.025 4.702 6.2 1.191 4.87 0.231 1.66E-03
30.000 640.000 6.403 (25-200) 0.111 0.042 2.662 10.3 1.757 5.00 0.651 8.40E-03
30 640 6.403 (25-200) 0.106 0.030 3.596 8.7 1.792 5.03 0.461 5.98E-03
30 640 6.403 (25-200) 0.100 0.018 5.458 6.9 1.774 4.99 0.286 2.23E-03
30.000 640.000 6.403 (25-200) 0.113 0.051 2.212 11.4 1.738 5.02 0.793 1.08E-02
30 640 6.403 (25-200) 0.108 0.034 3.156 9.4 1.782 5.03 0.534 7.47E-03
30 640 6.403 (25-200) 0.103 0.023 4.431 7.7 1.788 5.01 0.363 4.59E-03
30.000 640.000 6.403 (20-120) 0.108 0.022 4.847 5.9 1.384 4.96 0.209 1.70E-03
Mean 0.108 0.031 3.793 8.1 1.598 4.97 0.423 4.98E-03
Std. Dev 4.83E-03 1.05E-02 1.11E+00 1.94E+00 2.68E-01 6.50E-02 | 2.03E-01 |3.38E-03
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VR34

Output | Measurement Sensor Radius Poits Thermal Thermal Volumetric Probing Depth | Temp. Increase Total Temp| Totalto Mean

power Time Conductivity | Diffusivity Specific Heat Increase | Char. Time | Deviation
[mW] [s] [mm] [Wm-1K-1] | [mm2s-1] [MIm-3K-1] [mm] [K] [K] K]

70 320 9.868 125-200 0.072 0.060 1.200 8.8 0.933 4.76 0.198 1.98E-04
70 320 9.868 125-200 0.076 0.074 1.025 9.8 0.911 4.78 0.245 1.24E-04
70 320 9.868 125-200 0.072 0.112 0.644 12.0 0.988 5.16 0.369 4.34E-04
70 320 9.868 125-200 0.080 0.091 0.879 10.8 0.889 4.77 0.298 1.50E-04
70 320 9.868 125-200 0.065 0.077 0.851 9.9 1.065 5.33 0.252 3.47E-04
70 320 9.868 125-200 0.067 0.054 1.249 8.3 0.981 4.95 0.177 9.38E-05
70 320 9.868 125-200 0.077 0.142 0.539 13.5 0.929 5.03 0.467 4.85E-04
70 320 9.868 125-200 0.080 0.094 0.848 11.0 0.886 4.79 0.310 1.74E-04
70 320 9.868 125-200 0.064 0.068 0.934 9.3 1.080 5.32 0.224 3.53E-04
70 320 9.868 125-200 0.072 0.062 1.165 8.9 0.944 4.85 0.203 2.79E-04
Mean 0.073 0.083 0.933 10.2 0.960 4.97 0.274 2.64E-04
Std. Dev 5.75E-03 2.72E-02 2.33E-01 1.61E+00 6.78E-02 2.24E-01 | 8.95E-02 |1.36E-04
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VR51

Output | Measurement | Sensor Radius Points Thermal Thermal Volumetric Probing Depth [ Temp. Increase | Total Temp| Total to Mean

[mW] [s] [mm] [Wm-1K-1] | [mm2s-1] [MIm-3K-1] [mm] [K] [K] K]
55 320 9.868 50-135 0.053 0.107 0.497 9.611 2.048 5.677 0.237 1.90E-03
55 320 9.868 75-150 0.047 0.108 0.430 10.197 1.707 6.291 0.267 9.12E-04
55 320 9.868 75-150 0.049 0.101 0.487 9.861 1.604 5.973 0.250 6.69E-04
55 320 9.868 50-135 0.051 0.108 0.470 9.669 2.141 5.896 0.240 2.51E-03
55 320 9.868 75-150 0.044 0.081 0.542 8.834 1.732 6.324 0.200 6.80E-04
55 320 9.868 75-150 0.053 0.122 0.435 10.810 1.525 5.763 0.300 5.75E-04
55 320 9.868 75-150 0.049 0.128 0.384 11.083 1.649 6.153 0.315 9.96E-04
55 320 9.868 75-150 0.048 0.100 0.481 9.804 1.639 6.077 0.247 4.82E-04
55 320 9.868 50-135 0.053 0.122 0.437 10.276 2.080 5.757 0.271 2.83E-03
55 320 9.868 75-150 0.044 0.085 0.524 9.013 1.734 6.334 0.209 7.24E-04
55 320 9.868 75-150 0.053 0.121 0.438 10.780 1.524 5.748 0.298 5.87E-04
55 320 9.868 50-135 0.048 0.095 0.506 9.067 2.209 6.068 0.211 2.43E-03
55 320 9.868 75-150 0.045 0.083 0.547 8.930 1.685 6.221 0.205 4.59E-04
55 320 9.868 50-135 0.053 0.107 0.500 9.593 2.042 5.675 0.236 1.87E-03
Mean 0.049 0.105 0.477 9.823 1.809 5.997 0.249 1.26E-03
Std. Dev 3.44E-03 1.51E-02 4.71E-02 7.31E-01 2.40E-01 2.46E-01 | 3.72E-02 |8.54E-04
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Pl

Thermal Thermal Volumetric Probing Temp. Total Temp Total to Char. Mean Deviation
Conductivity | Diffusivity | Specific Heat Depth Increase Increase Time
[Wm-1K-1] [mm2s-1] | [MIm-3K-1] [mm] [K] K] [K]

0.036 0.305 0.120 2.470 0.626 3.112 0.131 1.71E-04
0.036 0.292 0.124 2.418 0.637 3.076 0.126 1.11E-04
0.036 0.321 0.113 2.532 0.642 3.121 0.138 1.44E-04
0.035 0.276 0.128 2.348 0.642 3.143 0.119 1.35E-04
0.036 0.332 0.110 2.578 0.640 3.128 0.143 2.38E-04
0.036 0.319 0.114 2.524 0.637 3.126 0.137 2.42E-04
0.036 0.328 0.111 2.561 0.640 3.158 0.141 2.58E-04
0.036 0.306 0.116 2.475 0.641 3.150 0.132 1.49E-04
0.036 0.319 0.114 2.525 0.641 3.099 0.137 1.53E-04
0.036 0.327 0.111 2.559 0.639 3.087 0.141 1.93E-04
0.036 0.309 0.116 2.486 0.640 3.053 0.133 2.66E-04
0.036 0.319 0.113 2.526 0.643 3.118 0.137 1.95E-04
0.035 0.295 0.120 2.427 0.639 3.187 0.127 2.83E-04
0.036 0.325 0.111 2.551 0.640 3.091 0.140 2.35E-04
0.036 0.300 0.119 2.448 0.637 3.150 0.129 1.35E-04
0.036 0.325 0.112 2.549 0.637 3.161 0.140 1.14E-04
0.035 0.292 0.121 2.417 0.641 3.146 0.126 1.05E-04
Mean 0.036 0.311 0.116 2.494 0.639 3.124 0.134 1.84E-04
Std. Dev| 3.82E-04 1.60E-02 5.26E-03 6.48E-02 3.77E-03 3.47E-02 6.90E-03 5.94E-05
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RTV-655

Time Specific Heat ﬁﬁzg;ze Sample Increase T?;aclr'gae;gp.
[s] [Jkg-1K-1] [K] [K] [K]
160 1995 2.71 1.14 3.55
160 1467 2.71 2.62 7.82
160 1321 2.71 2.85 8.42
160 1430 2.71 2.77 8.30
160 1485 2.71 2.73 8.19
160 1491 2.71 2.72 8.19
160 1392 2.71 2.79 8.34
160 1514 2.71 2.82 8.46
160 1514 2.71 3.17 9.51
320 1308 2.38 2.05 5.46
320 1344 2.55 2.22 6.00
320 1527 2.38 2.19 6.02
320 1402 2.55 2.49 6.74
320 1645 2.55 2.35 6.42
320 1321 2.55 2.53 6.78
320 1552 2.55 2.40 6.55
320 1440 2.55 2.46 6.63
640 1333 2.34 2.31 6.35
640 1419 2.75 2.56 6.63
640 1562 2.34 2.21 6.03
640 1551 2.75 2.49 6.67
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640 1561 2.34 2.22 5.99

640 1173 2.75 3.08 7.94

640 1342 2.75 3.27 8.64

160 [Average] 1512 2.62 2.50 7.21
160 [Std. Dev] 191.76 1.22E-01 4.78E-01 1.55E+00

320 [Average] 1442 2.48 2.39 6.51
320 [Std. Dev] 122.06 1.21E-01 7.87E-02 1.44E-01

640 [Average] 1420 2.61 2.42 6.44
640 [Std. Dev] 79.48 2.39E-01 1.83E-01 3.59E-01

VR17
Time Specific Heat Reference Sample Increase Total Temp.

Increase Increase

[s] [Jkg-1K-1] [K] [K] [K]

160 1072 2.71 2.78 8.60

160 1050 2.71 2.80 8.64

160 1137 2.71 2.72 8.46

160 1065 2.71 2.78 8.61

160 1099 2.71 2.75 8.53

160 1068 2.71 2.95 9.15

320 1605 2.55 2.35 7.04

320 1375 2.55 2.66 7.86

320 1623 2.55 2.49 7.45
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320 1522 2.55 2.56 7.64

320 1438 2.55 2.61 7.70

320 1668 2.55 2.46 7.41

640 1243 2.34 2.41 6.91

640 1338 2.34 2.36 6.63

640 1336 2.34 2.48 7.23

160 [Average] 1082 2.71 2.80 8.67
160 [Std. Dev] 31.35 0.00E+00 8.22E-02 2.49E-01

320 [Average] 1538 2.55 2.52 7.52
320 [Std. Dev] 114.47 0.00E+00 1.13E-01 2.88E-01

640 [Average] 1306 2.34 2.42 6.92
640 [Std. Dev] 53.93 0.00E+00 6.35E-02 3.04E-01

VR34
. Specific Reference Total Temp.
Time Sample Increase

Heat Increase Increase

[s] [Jkg-1K-1] [K] [K] [K]

160 1161 2.71 2.75 8.78

160 1200 2.71 2.71 8.70

160 1201 2.71 2.71 8.71

160 1212 2.71 2.71 8.69

160 1206 2.71 2.71 8.70

160 1210 2.71 2.71 8.69

320 1331 2.55 2.69 7.89

320 1539 2.55 2.55 7.57
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320 1636 2.55 2.49 7.50
320 1488 2.55 2.58 7.69
320 1379 2.55 2.66 7.84
320 1460 2.55 2.64 7.81
640 1481 2.34 2.25 6.65
640 1556 2.34 2.28 6.56
640 1764 2.34 2.19 6.42
640 1843 2.34 2.16 6.43
640 1860 2.34 2.15 6.45
640 1829 2.34 2.16 6.51
160 [Average] 1198 2.71 2.72 8.71
160 [Std. Dev] 19.06 0.00E+00 1.49E-02 3.28E-02
320 [Average] 1472 2.55 2.60 7.72
320 [Std. Dev] 109.78 0.00E+00 7.40E-02 1.58E-01
640 [Average] 1722 2.34 2.20 6.51
640 [Std. Dev] 162.85 4.86E-16 5.16E-02 8.94E-02
VR51
Ti Specific Reference Total Temp.
Ime Heat Increase Sample Increase Increase
[s] [Jkg-1K-1] [K] [K] [K]
160 1138 2.71 2.74 9.96
160 1134 2.71 2.74 9.97
160 1105 2.71 2.76 10.02
160 1057 2.71 2.80 10.12
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160 1010 2.71 2.84 10.23
160 1036 2.71 2.93 10.46
320 1296 2.55 2.69 8.73
320 1382 2.55 2.64 8.57
320 1489 2.55 2.57 8.45
320 1571 2.55 2.52 8.33
320 1427 2.55 2.69 8.83
640 1956 2.34 2.17 7.05
640 1149 2.34 2.71 8.26
640 1297 2.34 2.64 8.31
640 1642 2.34 2.48 8.04
640 1968 2.34 2.34 7.69
640 1410 2.34 2.58 7.96
160 [Average] 1080 2.37 2.52 8.02
160 [Std. Dev] 53.28 7.92E-02 2.01E-01 5.54E-01
320 [Average] 1433 2.529 2.64 8.88
320 [Std. Dev] 104.43 1.61E-01 1.87E-01 1.03E+00
640 [Average] 1570 2.354 2.48 8.21
640 [Std. Dev] 343.42 6.05E-01 6.15E-01 2.20E+00
Pl-Sheets
Ti Specific Reference Total Temp.
ime Sample Increase
Heat Increase Increase
[s] [Jkg-1K-1] [K] [K] [K]
160 1491 2.67 2.56 6.53
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160 1709 2.71 2.65 6.73
160 1366 2.71 2.69 6.86
160 910 2.71 2.76 7.01
160 1273 2.71 2.71 6.87
160 1752 2.71 2.64 6.73
160 1325 2.67 2.67 6.78
160 1287 2.67 2.67 6.80
160 916 2.71 2.76 7.02
160 1199 2.71 2.72 6.88
160 1411 2.67 2.65 6.77
160 1106 2.71 2.74 6.97
320 1688 2.55 2.55 6.40
320 2210 2.55 2.49 6.34
320 325 2.55 2.71 6.80
320 2189 2.55 2.49 6.28
320 1226 2.55 2.60 6.62
320 1560 2.55 2.56 6.41
320 1639 2.55 2.55 6.40
320 1545 2.55 2.57 6.42
320 1429 2.55 2.58 6.45
320 1264 2.55 2.60 6.47
160 [Average] 1312 2.69 2.68 6.83
160 [Std. Dev] 264.86 2.06E-02 5.75E-02 1.38E-01
320 [Average] 1507 2.55 2.57 6.46
320 [Std. Dev] 532.76 4.68E-16 6.23E-02 1.50E-01
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APPENDIX A

MEASUREMENT RESULTS AT 85K

SS 316
Output | Measurement | Sensor Poits Thermal | Thermal | Volumetric | Probing | Temp. | Total Temp | Total to Char. Mean Deviation
power Time Radius Conductivity | Diffusivity | Specific Heat| Depth Increase | Increase Time
[mW] [s] [mm] [Wm-1K-1] [[mm2s-1] | [MIm-3K-1] [mm] K] [K] K]
200.0 20 9.868 | 25-105 8.326 4.927 1.690 14.4 0.074 0.51 0.531 1.69E-05
750.0 20 9.868 | 25-105 8.294 4.705 1.763 14.1 0.280 1.95 0.507 1.75E-05
750.0 20 9.868 | 25-105 8.313 4.716 1.763 14.1 0.279 1.95 0.509 1.24E-05
750.0 20 9.868 | 25-105 8.293 4.716 1.759 14.1 0.280 1.95 0.509 1.97E-05
750.0 20 9.868 | 25-105 8.303 4.713 1.762 14.1 0.280 1.95 0.508 1.87E-05
750.0 20 9.868 | 25-105 8.304 4.723 1.758 14.1 0.280 1.95 0.509 1.40E-05
750.0 20 9.868 | 25-105 8.309 4.717 1.762 14.1 0.280 1.95 0.509 1.67E-05
750.0 20 9.868 | 25-105 8.311 4.714 1.763 14.1 0.280 1.95 0.508 1.60E-05
750.0 20 9.868 | 25-105 8.337 4.749 1.756 14.1 0.279 1.94 0.512 1.94E-05
750.0 20 9.868 | 25-105 8.376 4.762 1.759 14.1 0.277 1.94 0.514 1.41E-05
Mean 8.317 4.744 1.753 14.1 0.259 1.80 0.512 1.65E-05
Std. Dev. 0.025 0.067 0.022 0.1 0.065 0.45 0.007 2.43E-06
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Polystyrene (XPS) 85 Kelvin

Output | Measurement | Sensor Poits Thermal | Thermal | Volumetric | Probing | Temp. | Total Temp | Total to Char. Mean Deviation
power Time Radius Conductivity | Diffusivity | Specific Heat| Depth Increase | Increase Time
[mW] [s] [mm] [Wm-1K-1] [[mm2s-1] | [MIm-3K-1] [mm] K] K] K]
2.5 160 6.403 15-30 0.010 1.001 0.010 9.802 0.416 2.521 0.585 0.000
2.5 160 6.403 15-30 0.010 1.022 0.010 9.907 0.423 2.519 0.598 0.000
2.5 160 6.403 15-30 0.010 1.014 0.010 9.868 0.423 2.519 0.593 0.000
2.5 160 6.403 15-30 0.010 1.037 0.010 9.976 0.423 2.529 0.606 0.000
2.5 160 6.403 15-30 0.010 1.031 0.010 9.947 0.421 2.523 0.603 0.000
2.5 160 6.403 15-30 0.010 0.995 0.010 9.774 0.423 2.540 0.582 0.000
5 20 6.403 | 100-200 0.010 0.747 0.014 7.7 0.774 3.39 0.364 3.24E-04
5 20 6.403 | 100-200 0.010 0.757 0.013 7.8 0.772 3.40 0.369 2.78E-04
5 20 6.403 | 100-200 0.010 0.763 0.013 7.8 0.774 3.38 0.372 2.89E-04
5 20 6.403 | 100-200 0.010 0.744 0.014 7.7 0.774 3.41 0.362 3.23E-04
5 20 6.403 | 100-200 0.010 0.752 0.014 7.8 0.771 3.41 0.366 3.32E-04
5 20 6.403 | 100-200 0.010 0.750 0.014 7.7 0.770 3.41 0.365 2.69E-04
5 20 6.403 | 100-200 0.010 0.744 0.014 7.7 0.762 3.38 0.363 3.82E-04
5 20 6.403 | 100-200 0.010 0.751 0.014 7.7 0.767 3.37 0.366 4.11E-04
Mean 0.010 0.751 0.013 7.750 0.771 3.394 0.366 0.000
Std. Dev. | 4.08E-05 |6.59E-03| 1.64E-04 | 3.40E-02 [4.13E-03[ 1.55E-02 3.21E-03 4.97E-05
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RTV-655

Output | Measurement | Sensor Pois Thermal | Thermal | Volumetric | Probing | Temp. | Total Temp | Total to Char. Mean Deviation
power Time Radius Conductivity | Diffusivity | Specific Heat| Depth Increase | Increase Time
[mW] [s] [mm] [Wm-1K-1] [[mm2s-1] | [MIm-3K-1] [mm] K] K] K]
50 80 6.403 | 50-200 0.117 0.374 0.314 10.937 2.008 9.114 0.729 0.00
50 80 6.403 | 50-200 0.117 0.370 0.317 10.887 2.006 9.107 0.722 0.00
50 80 6.403 | 50-200 0.118 0.370 0.318 10.887 2.002 9.078 0.722 0.00
50 80 6.403 | 50-200 0.118 0.370 0.318 10.883 2.003 9.078 0.721 0.00
50 80 6.403 | 50-200 0.117 0.384 0.306 11.084 1.998 9.066 0.748 0.00
40 160 6.403 | 20-130 0.116 0.371 0.311 12.429 2.187 7.961 0.941 0.00
40 160 6.403 20-130 0.116 0.371 0.311 12.427 2.189 7.968 0.940 0.00
40 160 6.403 | 20-130 0.115 0.371 0.311 12.430 2.190 7.968 0.941 0.00
40 160 6.403 | 20-130 0.116 0.371 0.312 12.418 2.193 7.982 0.939 0.00
40 160 6.403 20-130 0.115 0.371 0.311 12.425 2.192 7.965 0.940 0.00
30 320 6.403 | (10-50) 0.113 0.385 0.294 11.102 1.504 6.426 0.751 0.00
30 320 6.403 | (10-50) 0.113 0.386 0.293 11.108 1.503 6.426 0.752 0.00
30 320 6.403 | (10-50) 0.113 0.385 0.293 11.103 1.504 6.421 0.751 0.00
30 320 6.403 | (10-50) 0.113 0.373 0.303 10.920 1.509 6.427 0.726 0.00
30 320 6.403 | (10-50) 0.113 0.385 0.293 11.102 1.504 6.418 0.751 0.00
20 40 6.403 | 80-180 0.110 0.401 0.274 7.601 0.488 3.183 0.352 8.69E-05
20 40 6.403 | 80-180 0.110 0.403 0.272 7.615 0.489 3.188 0.353 8.36E-05
20 40 6.403 | 80-180 0.110 0.400 0.274 7.586 0.489 3.191 0.350 1.35E-04
20 40 6.403 | 80-180 0.110 0.399 0.275 7.576 0.489 3.194 0.350 9.47E-05
20 40 6.403 | 80-180 0.110 0.398 0.276 7.572 0.488 3.189 0.349 1.20E-04
20 40 6.403 | 80-180 0.110 0.399 0.275 7.581 0.489 3.190 0.350 9.95E-05
20 40 6.403 | 80-180 0.110 0.404 0.271 7.632 0.489 3.187 0.355 1.13E-04
20 40 6.403 | 80-180 0.110 0.402 0.273 7.609 0.488 3.179 0.353 1.06E-04
20 40 6.403 | 80-180 0.110 0.400 0.274 7.591 0.488 3.188 0.351 8.65E-05
20 40 6.403 | 80-180 0.110 0.400 0.275 7.588 0.488 3.177 0.351 8.88E-05
Mean 0.113 0.386 0.294 9.924 1.335 5.971 0.623 0.001
Std. Dev. | 3.14E-03 |1.34E-02| 1.80E-02 [ 2.01E+00 [7.42E-01| 2.48E+00 2.39E-01 5.41E-04
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VR17

Output | Measurement | Sensor Pois Thermal | Thermal | Volumetric | Probing | Temp. | Total Temp | Total to Char. Mean Deviation
power Time Radius Conductivity | Diffusivity | Specific Heat| Depth Increase | Increase Time
[mW] [s] [mm] [Wm-1K-1] [[mm2s-1] | [MIm-3K-1] [mm] K] [K] K]
12 320 6.403 | (100-200) 0.089 0.063 1412 8.996 0.319 3.178 0.493 0.000
12 320 6.403 | (100-200) 0.090 0.078 1.146 10.014 0.317 3.174 0.611 0.001
12 320 6.403 | (100-200) 0.090 0.065 1.373 9.136 0.318 3.175 0.508 0.000
12 320 6.403 | (100-200) 0.089 0.066 1.358 9.172 0.319 3.186 0.512 0.000
12 320 6.403 | (100-200) 0.089 0.065 1.368 9.151 0.318 3.181 0.510 0.000
12 320 6.403 | (100-200) 0.090 0.066 1.348 9.220 0.318 3.182 0.518 0.000
12 320 6.403 | (100-200) 0.089 0.066 1.362 9.165 0.318 3.180 0.512 0.000
8 640 6.403 | (80-195) 0.091 0.057 1.582 11.964 0.257 2.335 0.872 0.000
8 640 6.403 | (80-200) 0.092 0.055 1.670 11.856 0.262 2.330 0.856 0.000
8 640 6.403 | (80-191) 0.091 0.059 1.552 11.967 0.250 2.333 0.872 0.000
8 640 6.403 | (80-193) 0.091 0.058 1.561 11.986 0.253 2.332 0.875 1.03E-04
8 640 6.403 | (80-197) 0.091 0.057 1.613 11.957 0.257 2.324 0.871 1.02E-04
8 640 6.403 | (80-199) 0.091 0.057 1.617 12.000 0.261 2.332 0.877 1.01E-04
8 640 6.403 | (80-195) 0.091 0.058 1.575 12.021 0.255 2.321 0.880 1.06E-04
8 640 6.403 | (80-200) 0.091 0.056 1.641 11.928 0.263 2.325 0.867 1.08E-04
8 640 6.403 | (80-198) 0.091 0.057 1.600 12.018 0.259 2.322 0.880 1.05E-04
8 640 6.403 | (80-200) 0.092 0.056 1.642 11.950 0.262 2.324 0.870 1.02E-04
Mean 0.090 0.061 1.495 10.853 0.283 2.678 0.728 0.000
Std. Dev. 9.28E-04 [6.13E-03| 1.49E-01 [ 1.39E+00 [3.09E-02| 4.32E-01 1.79E-01 2.76E-04
VR34
Output | Measurement | Sensor Points Thermal Thermal Vggg;iitgc Probing | Temp. 'I-'rt(e)rtr?rl) Tgtha;rto Mean
power Time Radius Conductivity | Diffusivity Depth Increase .| Deviation
Heat Increase Time

176




[MJIm-3K-

[mWwW] [s] [mm] [Wm-1K-1] | [mm2s-1] 1] [mm] [K] [K] [K]
10.000 | 640.000 | 6.403 | (100-184) |  0.076 0.061 1254 | 11.955 | 0252 | 2113 | 0870 | 0.001
18.000 | 640.000 | 6.403 | (100-176) |  0.068 0.064 1059 | 12032 | 0472 | 4071 | 0882 | 0.000
18.000 | 640.000 | 6.403 | (50-146) |  0.065 0.076 0847 | 11.952 | 0974 | 4111 | 0870 | 0.001
18.000 | 640.000 | 6.403 | (100-167) |  0.066 0.068 0975 | 12028 | 0440 | 4145 | 0881 | 0.000
18.000 | 640.000 | 6.403 | (100-159) |  0.065 0.071 0016 | 12026 | 0402 | 4144 | 0881 | 0.000
18.000 | 640.000 | 6.403 | (100-165) |  0.066 0.068 0961 | 12026 | 0431 | 4137 | 0881 | 0.000
18.000 | 640.000 | 6.403 | (100-163) |  0.066 0.069 0944 | 12035 | 0421 | 4137 | 0882 | 0.000
18.000 | 640.000 | 6.403 | (100-163) |  0.065 0.069 0045 | 12015 | 0422 | 4149 | 0879 | 0.000
18.000 | 640.000 | 6.403 | (100-167) |  0.066 0.067 0981 | 11967 | 0443 | 4155 | 0872 | 0.000
18.000 | 640.000 | 6.403 | (100-165) |  0.065 0.068 0955 | 12.026 | 0433 | 4148 | 0881 | 0.000
18 640 6.403 | (100-182) |  0.067 0.062 1.081 120 | 0512 | 415 | 0875 | 0000
24 320 6.403 | . (100- 0.060 0.069 0.876 94 | 0928 | 486 | 0535 | 0000
200,c,td)
24 320 6.403 | . (100- 0.060 0.070 0.859 95 | 0923 | 485 | 0548 | 0.000
200,c,td)
24 320 6.403 20(01?0' 0.060 0.068 0.887 93 | 0933 | 489 | 0527 | 0.000
tc,td)
24 320 6.403 20(01?0' 0.060 0.068 0.885 93 | 0933 | 489 | 0528 | 0000
tc,td)
24 320 6.403 20(01?0' 0.060 0.071 0.856 95 | 0923 | 484 | 0550 | 0.000
tc,td)
20 640 6.403 | (57-199) |  0.064 0.056 1.145 120 | 1282 | 464 | 0871 | 0001
20 640 6.403 | (57-200) |  0.064 0.056 1.149 120 | 1287 | 464 | 0871 | 0001
20 640 6.403 | (57-200) |  0.064 0.056 1.150 120 | 1287 | 463 | 0871 | 0001
20 640 6.403 | (57-200) |  0.064 0.056 1.146 120 | 1288 | 464 | 0873 | 0001
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20 640 6.403 | (57-200) 0.064 0.056 1.138 12.0 1.288 4.64 0.877 0.001
16 1280 6.403 96(?(?;(1) 0.069 0.058 1.181 12.0 0.491 4.06 0.871 0.000
16 1280 6.403 (50- 0.069 0.049 1.404 12.0 0.631 4.13 0.879 0.000
115,tc,td)
16 1280 | 6.403 | . O% 0.070 0.048 1.442 120 | 0638 | 412 | 0880 | 0.000
117 tc,td)
16 1280 6.403 (50- 0.068 0.035 1.974 12.0 0.917 4.25 0.879 0.001
163,tc,td)
16 1280 6.403 98(?c0;d) 0.068 0.057 1.184 12.0 0.513 4.11 0.876 0.000
Mean 0.065 0.062 1.084 11.496 0.749 4.293 0.811 0.000
Std. Dev. 3.59E-03 9.21E-03 | 2.44E-01 | 1.05E+00 3%?15 5.43E-01 1'%?5' 3.95E-04
VR51
Output | Measurement | Sensor . Thermal Thermal Vqum_eFrlc Probing | Temp. Total Total to Mean
. . Points L . Specific Temp Char. o
power Time Radius Conductivity | Diffusivity Depth | Increase . Deviation
Heat Increase Time
[mW] [s] [mm] [Wm-1K-1] | [mm2s-1] [MJT]'3K' mm] | [K] K] K]
10 320 6.403 | 75-122 0.028 0.184 0.153 11.987 0.542 3.772 0.875 0.000
10.3 320 6.403 | 75-125 0.028 0.181 0.155 12.036 0.587 3.892 0.882 0.000
10.3 320 6.403 | 75-122 0.028 0.183 0.153 11.965 0.558 3.858 0.872 0.000
10.3 320 6.403 | 75-120 0.028 0.188 0.150 12.016 0.537 3.889 0.879 0.000
10.3 320 6.403 | 75-121 0.028 0.187 0.150 12.032 0.548 3.869 0.882 0.000
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10.3 320 6.403 | 75-122 0.028 0.184 0.154 11.977 0.557 3.862 0.874 0.000
10.3 320 6.403 | 74-123 0.028 0.183 0.155 12.000 0.581 3.898 0.877 0.000
10.3 320 6.403 | 75-126 0.028 0.179 0.158 12.000 0.596 3.914 0.877 0.000
10.3 320 6.403 | 75-121 0.028 0.186 0.152 11.996 0.548 3.873 0.876 0.000
10.3 320 6.403 | 75-123 0.028 0.184 0.153 12.021 0.568 3.877 0.880 0.000
10.3 320 6.403 | 75-122 0.028 0.186 0.152 12.042 0.558 3.869 0.883 0.000
125 160 6.403 | 75-140 0.029 0.092 0.312 6.426 0.888 3.898 0.251 0.000
12,5 160 6.403 | 75-140 0.029 0.094 0.309 6.476 0.885 3.871 0.255 0.000
125 160 6.403 | 75-140 0.029 0.093 0.310 6.456 0.888 3.873 0.254 0.000
12,5 160 6.403 | 75-140 0.029 0.094 0.307 6.502 0.885 3.859 0.257 0.000
12.5 160 6.403 | 75-140 0.029 0.099 0.294 6.665 0.884 3.880 0.271 0.001
125 160 6.403 | 75-140 0.029 0.094 0.309 6.480 0.884 3.860 0.256 0.000
12.5 160 6.403 | 75-140 0.029 0.094 0.309 6.486 0.882 3.853 0.256 0.000
12.5 160 6.403 | 75-140 0.029 0.095 0.306 6.519 0.883 3.878 0.259 0.000
125 160 6.403 | 75-140 0.029 0.094 0.309 6.481 0.885 3.870 0.256 0.000
125 160 6.403 | 75-140 0.029 0.094 0.308 6.505 0.881 3.855 0.258 0.000
Mean 0.029 0.141 0.226 9.384 0.715 3.870 0.582 0.000
Ste‘f/ 419E-04 | 459E-02 | 7.90E-02 | 2.82E+00 1'%?' 2 75E-02 | 3.18E-01 | 1.14E-04
Pl
Output | Measurement | Sensor Poi Thermal Thermal Vqum_eFrlc Probing | Temp. Total Total to Mean
power Time Radius oints Conductivity | Diffusivity Sp:_(lemflc Depth | Increase Temp Char. Deviation
eat Increase Time
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[MJIm-3K-

[mWwW] [s] [mm] [Wm-1K-1] | [mm2s-1] 1] [mm] [K] [K] [K]

8000 | 20000 | 3.189 2(3()2?(;) 0.012 0.032 0.373 1504 | 1.320 | 8741 0.055 | 0.000
8000 | 20000 | 3.189 2(01023;) 0.012 0.033 0.366 1617 | 1319 | 8772 0.056 | 0.001
8000 | 20000 | 3.189 2(01023;) 0.012 0.031 0.380 1574 | 1316 | 8773 0.053 | 0.000
8000 | 20000 | 3.189 2(()102?(;) 0.012 0.030 0.385 1556 | 1.317 | 8.754 0.052 | 0.000
8000 | 20000 | 3.189 2(()102?(;) 0.012 0.030 0.386 1558 | 1.348 | 8.749 0.052 | 0.001
8000 | 20000 | 3.189 2%5?(;) 0.012 0.030 0.387 1543 | 1317 | 8743 0.051 | 0.001
8000 | 20000 | 3.189 2(0151_) 0.011 0.028 0.409 1484 | 1323 | 8.794 0.047 | 0.001
8000 | 20000 | 3.189 2(0151_) 0.011 0.027 0.417 1462 | 1317 | 8775 0.046 | 0.000
8000 | 20000 | 3.189 2(0151_) 0.011 0.029 0.400 1510 | 1.318 | 8772 0.049 | 0.001
8.000 | 20000 | 3.189 2%5?(;) 0.012 0.030 0.387 1546 | 1323 | 8.746 0.051 | 0.001
5000 | 40000 | 3189 | (50-150) |  0.014 0.083 0.169 3165 | 2136 | 6.783 0216 | 0003
5000 | 40000 | 3.189 | (50-150) |  0.014 0.084 0.169 3170 | 2437 | 6.784 0216 | 0.003
5000 | 40000 | 3.189 | (50-150) |  0.014 0.084 0.168 3172 | 2437 | 6.745 0217 | 0003
5000 | 40000 | 3189 | (50-150) |  0.014 0.084 0.169 3169 | 2136 | 6.781 0216 | 0003
5000 | 40000 | 3.189 | (50-150) |  0.014 0.084 0.169 3170 | 2135 | 6.799 0216 | 0.003
5000 | 40000 | 3.189 | (50-150) |  0.014 0.083 0.169 3160 | 2135 | 6.766 0215 | 0.003
5000 | 40000 | 3189 | (50-150) |  0.014 0.083 0.170 3157 | 2135 | 6.788 0214 | 0.003
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5000 | 40000 | 3.189 | (50-150) |  0.014 0.084 0168 | 3178 | 2138 | 6772 | 0217 | 0003
5000 | 40000 | 3.189 | (50-150) | 0014 0.083 0170 | 3155 | 2135 | 6777 | 0214 | 0003
5000 | 40.000 | 3.189 | (50-150) |  0.014 0.091 0158 | 3306 | 2130 | 6776 | 0235 | 0003
3500 | 20000 | 3.189 2(0102;;) 0.014 0.077 0183 | 2486 | 0616 | 3777 | 0133 | 0001
3500 | 20000 | 3.189 2(0102;;) 0.014 0.078 0181 | 2505 | 0621 | 3769 | 0135 | 0.000
3500 | 20000 | 3.189 2(01025’(;) 0.014 0.074 0189 | 2435 | 0625 | 3747 | 0128 | 0.000
3500 | 20000 | 3.189 2(01025’(;) 0.014 0.070 0196 | 2371 | 0623 | 3794 | 0121 | 0.000
3500 | 20000 | 3.189 2%&?(;) 0.014 0.069 0199 | 2348 | 0619 | 3812 | 0119 | 0000
3500 | 20000 | 3.189 2%&?(;) 0.014 0.077 0183 | 2479 | 0621 | 3802 | 0132 | 0000
3500 | 20000 | 3.189 2%&?&) 0.014 0.073 0191 | 2413 | 0628 | 3770 | 0125 | 0.000
3500 | 20000 | 3.189 2%&?&) 0.014 0.074 0189 | 2429 | 0622 | 3804 | 0127 | 0000
3500 | 20000 | 3.189 2%1&?(;) 0.014 0.079 0180 | 2511 | 0617 | 3814 | 0136 | 0.000
3500 | 20000 | 3.189 2(0102;) 0.014 0.068 0200 | 2334 | 0624 | 381 | 0117 | 0001
2300 | 40000 | 3.189 2(0102;) 0.015 0.075 0199 | 3461 | 0455 | 3141 | 0258 | 0001
2300 | 40000 | 3.189 2(0102;) 0.015 0.077 0194 | 3511 | 0452 | 3133 | 0265 | 0001
2300 | 40000 | 3.189 2(0102;) 0.015 0.073 0204 | 3411 | 0458 | 3154 | 0250 | 0.001
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(125-

2.300 40.000 3.189 200,tc) 0.015 0.079 0.189 3.566 0.452 3.140 0.274 0.000
2.300 40.000 3.189 2(6[021?(_:) 0.015 0.082 0.183 3.623 0.458 3.168 0.283 0.000
2.300 40.000 3.189 2((;[&?(;) 0.015 0.073 0.203 3.418 0.457 3.130 0.251 0.000
2.300 40.000 3.189 2((;[&?(;) 0.015 0.082 0.182 3.631 0.458 3.135 0.284 0.001
2.300 40.000 3.189 2(0102,?(;) 0.015 0.082 0.183 3.620 0.460 3.138 0.282 0.001
2.300 40.000 3.189 2(0102,5(;) 0.015 0.082 0.182 3.629 0.451 3.140 0.284 0.001
2.300 40.000 3.189 2(01(??(;) 0.015 0.087 0.173 3.730 0.455 3.160 0.299 0.001

Mean 0.014 0.067 0.234 2.679 1.134 5.618 0.167 0.001

Std. Dev. | 1.29E-03 2.22E-02 | 9.17E-02 | 7.83E-01 G'ZﬁE- 2.30E+00 | 8.63E-02 | 9.43E-04
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Polystyrene (XPS)

Time Specific Heat Reference Sample Increase | Total Temp. Increase
Increase
160 427 1.59 1.69 1.89
160 430 1.59 1.69 1.88
160 468 1.59 1.68 1.89
160 439 1.59 1.69 1.88
160 433 1.59 1.69 1.89
160 454 1.59 1.68 1.88
160 452 1.59 1.68 1.89
160 465 1.59 1.68 1.88
160 465 1.59 1.68 1.88
160 471 1.59 1.68 1.89
160 [Average] 451 1.588 1.68 1.89
160 [Std. Dev] 16.91 2.34E-16 1.57E-03 4.78E-03
RTV-655
Time Specific Heat Reference Sample Increase Total Temp.
Increase Increase
40 164 0.32 0.43 1.66
80 359 0.57 0.43 1.65
160 512 1.21 0.77 1.66
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160 517 1.21 0.90 1.93
160 522 1.21 0.98 2.10
160 523 1.21 0.98 2.09
160 524 1.21 0.97 2.10
160 525 1.21 0.97 2.09
160 526 1.21 0.97 2.09
160 532 1.21 1.13 2.44
320 656 0.99 0.62 1.75
320 682 1.42 1.03 2.01
320 686 1.42 1.23 2.39
320 689 1.42 1.23 2.39
320 691 1.42 1.22 2.39
320 694 1.42 1.22 2.38
320 694 1.42 1.22 2.38
40 [Average] 164 0.32 0.43 1.66
40 [Std. Dev] #DIV/0! #DIV/0! #DIV/0! #DIV/0!
80 [Average] 359 0.57 0.43 1.65
80 [Std. Dev] #DIV/0! #DIV/0! #DIV/0! #DIV/0!
160 [Average] 523 1.21 0.96 2.06
160 [Std. Dev] 6.12 0.00E+00 9.97E-02 2.15E-01
320 [Average] 685 1.36 1.11 2.24
320 [Std. Dev] 13.58 1.62E-01 2.27E-01 2.59E-01
VR17
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Time Specific Heat Rleference Sample Increase Total Temp.
ncrease Increase
160 558 1.21 0.96 1.7234
160 474 1.21 1.05 2.0700
160 470 1.21 1.05 2.0822
160 469 1.21 1.06 2.0816
160 472 1.21 1.05 2.0706
160 469 1.21 1.05 2.0721
160 470 1.21 1.05 2.0777
160 471 1.21 1.05 2.0750
160 472 1.21 1.05 2.0735
160 471 1.21 1.05 2.0746
160 [Average] 480 1.21 1.04 2.04
160 [Std. Dev] 27.56 0.00E+00 2.83E-02 1.11E-01
VR34
Time Specific Heat R;eference Sample Increase Total Temp.
ncrease Increase
160 504 1.06 0.87 2.2311
160 467 1.21 1.11 2.3212
160 444 1.06 0.92 2.3512
160 445 1.06 0.92 2.3516
160 443 1.06 0.92 2.3694
160 443 1.06 0.92 2.3709
160 444 1.06 0.92 2.3734
160 443 1.06 0.92 2.3745
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160 445 1.06 0.92 2.3759
160 443 1.06 0.92 2.3803
160 443 1.06 0.92 2.3812
320 462 0.60 0.51 2.0918
320 443 0.60 0.60 2.4561
320 443 0.60 0.60 2.4584
320 442 0.60 0.61 2.4683
160 [Average] 451 1.07 0.93 2.35
160 [Std. Dev] 18.82 4.55E-02 5.92E-02 4.41E-02
320 [Average] 448 0.60 0.58 2.37
320 [Std. Dev] 9.80 0.00E+00 4.56E-02 1.85E-01
VR51
Time Specific Heat Rleference Sample Increase Total Temp.
ncrease Increase
160 649 0.76 0.568057 1.853
160 646 0.76 0.568348 1.855
160 648 0.76 0.568189 1.861
160 647 0.76 0.568254 1.866
160 680 1.05 1.06 3.009
160 681 1.05 1.06 3.013
160 683 1.05 1.06 3.016
160 680 1.05 1.06 3.021
320 828 0.85 0.63 1.837
320 719 0.85 0.68 1.937
320 716 0.85 0.68 1.939
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320 720 0.85 0.68 1.945
320 716 0.85 0.68 1.951
320 749 1.35 1.32 3.397
320 750 1.35 1.32 3.399
320 748 1.35 1.32 3.403
320 747 1.35 1.32 3.403
320 739 1.35 1.33 3.427
320 1702 3.46 1.45 5.801
320 1939 3.46 1.45 6.189
320 3010 3.46 1.15 6.190
320 2750 3.46 1.24 6.332
320 2832 3.46 1.28 6.632
320 1947 3.46 1.57 6.747
320 3227 3.46 1.24 6.886
320 3102 3.46 1.28 6.980
320 2972 3.46 1.32 7.054
320 2862 3.46 1.37 7.129
320 3263 3.46 1.31 7.353
640 767 1.33 1.35 3.331
640 742 1.33 1.37 3.373
640 7474 1.47 0.65 3.835
640 3 1.47 1.55 4.541
640 -4 1.47 1.55 4.559
640 -11 1.47 1.62 4.744
640 -43 1.47 2.01 5.831
640 3385 1.47 1.35 5.836
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640 -115 1.47 2.32 6.668
640 -164 1.47 2.63 7.500
640 889 1.47 2.53 8.263
640 49 1.47 2.99 8.745
160 [Average] 664 0.90 0.82 2.44
160 [Std. Dev] 18.09 1.58E-01 2.65E-01 6.18E-01
320 [Average] 1764 2.34 1.17 4.76
320 [Std. Dev] 1072.49 1.22E+00 2.99E-01 2.14E+00
640 [Average] 1081 1.45 1.83 5.60
640 [Std. Dev] 2241.49 5.69E-02 6.76E-01 1.86E+00
Pl-Sheets
Time Specific Heat Reference Sample Increase Total Temp.
Increase Increase
40 73 0.20 0.21 1.2858
80 1233 0.71 0.68 2.0636
80 1250 0.71 0.68 2.0667
80 1257 0.71 0.68 2.0668
80 1247 0.71 0.68 2.0682
80 1232 0.71 0.68 2.0794
160 547 0.37 0.38 2.2701
160 317 0.20 0.22 2.2937
160 306 0.20 0.22 2.2943
160 555 0.37 0.38 2.2972
160 308 0.20 0.22 2.2987
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160 315 0.20 0.22 2.3009
160 302 0.20 0.22 2.3047
320 1108 0.52 0.50 2.8701
320 1114 0.52 0.50 2.8744
320 1117 0.52 0.50 2.8749
320 1110 0.52 0.50 2.8765
320 1098 0.52 0.50 2.8856
320 1112 0.52 0.54 3.1061
320 2220 1.35 1.26 3.2953
320 2186 1.35 1.27 3.2978
320 2178 1.35 1.27 3.3077
320 2165 1.35 1.27 3.3146
320 2167 1.35 1.27 3.3164
320 2074 1.35 2.37 6.1695
320 2089 1.35 2.37 6.1719
320 2075 1.35 2.37 6.1756
320 2056 1.35 2.37 6.1808
320 2081 1.35 2.37 6.1970
640 2542 1.33 1.17 3.1142
640 2473 1.33 1.17 3.1305
640 2507 1.33 1.17 3.1307
640 2455 1.33 1.17 3.1325
640 2484 1.33 1.17 3.1338
40 [Average] 977 0.59 0.57 1.99
40 [Std. Dev] 475.91 2.14E-01 1.93E-01 3.18E-01
80 [Average] 1575 0.91 1.06 3.49
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80 [Std. Dev] 824.05 5.01E-01 7.51E-01 1.35E+00
160 [Average] 379 0.25 0.27 2.29
160 [Std. Dev] 117.91 8.34E-02 7.68E-02 1.13E-02
320 [Average] 1747 1.04 1.33 4.06
320 [Std. Dev] 511.76 4.18E-01 7.94E-01 1.49E+00
640 [Average] 2492 1.33 1.17 3.13
640 [Std. Dev] 33.76 0.00E+00 3.00E-03 8.03E-03
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10.

11.

12.

APPENDIX B

THERMAL CONDUCTIVITY MEASUREMENT GUIDE
Unplug all sensors from TPS 1500, then turn on computer and TPS 1500.
Secure samples and sensor with sample holder, then plug sensor into TPS 1500.
Open software “Hot Disk Thermal Constants Analyzer 7.3” on the desktop.
For Thermal Conductivity Measurements Select ISOTROPIC only then choose the BULK (TYPE 1) measurement.
Type sample name and available probing depth in top section of settings.
Choose sensor design, insulation, and cable/holder under second section.
Set temperature source to USER VALUE, then input the temperature value.
Assign heating power and measurement time according to the values listed in the table below.
Wait at least one hour to allow sample temperature to stabilize.
Click on green start button, then confirm the settings to initiate the measurement.
Wait for measurement to finish.
Inspect temperature drift graph to ensure the sample was at equilibrium. If the graph exhibits a slope, repeat the measurement

after a minimum of thirty minutes.
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13. Click Calculate, then choose desired data range and measurement options. Use data points 15-200 for first calculations. If the
total temperature increase is not between 2-7K, repeat measurement after a minimum of thirty minutes.

14. Optimize the data range to achieve acceptable values for total to characteristic time, @; probing depth; and mean deviation.
(Note: 0.333 <O <I; probing depth < available probing depth; 1x10-> mean deviation)

15. Click Export Results and save the Excel file. Warning: do not close or navigate out of the exporting file or the Excel file will

be damaged.
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